Direct and correlated responses to recurrent selection for grain yield in maize breeding populations by Fakorede, Morakinyo Abiodun Bamidele
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1977
Direct and correlated responses to recurrent
selection for grain yield in maize breeding
populations
Morakinyo Abiodun Bamidele Fakorede
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, and the Agronomy and Crop
Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Fakorede, Morakinyo Abiodun Bamidele, "Direct and correlated responses to recurrent selection for grain yield in maize breeding
populations " (1977). Retrospective Theses and Dissertations. 5869.
https://lib.dr.iastate.edu/rtd/5869
INFORMATION TO USERS 
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 
1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find ja 
good image of the page in the adjacent frame. 
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand ccrnsr of s Jsrgs *s3t and to osntrnus phcteing from left tc 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete. 
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 
University Microfilms International 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 USA 
St. John's Road, Tyler's Green 
High Wycombe, Bucks, England HP10 8HR 
77-25,983 
FAKOREDE, Morakinyo Abiodun Bamidele, 
1949-
DIRECT AND CORRELATED RESPONSES TO 
RECURRENT SELECTION FOR GRAIN YIELD 
IN MAIZE BREEDING POPULATIONS. 
Iowa State University, Ph.D., 1977 
Agronomy 
XBFOX UniVSrSity Microfilins, Ann Arbor, Michigan 48106 
Direct and correlated responses to recurrent selection for 
grain yield in maize breeding populations 
by 
Morakinyo Abiodun Bamidele Fakorede 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department : Agronomy 
Major; Plant Breeding and Cytogenetics 
For the Graduate College 
Iowa'State University 
Ames, Iowa 
Approved : 
.n/Charge dï/Major'Work
1977 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
il 
TABLE OF CONTENTS 
Page 
I. INTRODUCTION 1 
II. REVIEW OF RECURRENT SELECTION 4 
A. Theoretical Foundr,uions 4 
B. Types of Recurrent Selection 9 
C. Empirical Results from Recurrent-Selection Programs 12 
D. Correlated Responses to Recurrent Selection 17 
III. BACKGROUND FOR THE STUDIES 23 
A. Reciprocal Recurrent Selection 23 
B. Half-sib Selection Program 26 
C. Production of Variety Hybrids for Evaluation 27 
IV. RESPONSE TO NITROGEN AND PLANT-DENSITY LEVELS 30 
A. Introduction 30 
B. Review of Literature 31 
C. Experimental Procedures 41 
D. Statistical Analyses 45 
1. Analysis of variance 45 
2. Regression analyses and response surfaces 47 
3. Stability analysis 52 
E. Results and Discussion 53 
1. Direct response to recurrent selection 53 
2. Response surfaces for grain yield 65 
3. Stability of yield performance 99 
4. Grain-yield components 122 
5. Flowering dates 134 
6. Plant traits 141 
7. Leaf area 146 
8. Leaf orientation 153 
9. Dry-matter productivity and harvest index 158 
iii 
Page 
F. Summary and Conclusions 162 
V. AGRONCMIC, MORPHOLOGICAL, AND PHYSIOLOGICAL TRAITS 171 
A. Introduction 171 
B. Review of Literature 172 
C. Materials and Methods 180 
D. Results and Discussion 191 
E. Summary and Conclusions 215 
VI. NITRATE-REDUCTASE ACTIVITY 220 
A. Introduction 220 
B. Review of Literature 221 
C. Materials and Methods 227 
D. Results and Discussion 229 
VII. GROWTH ANALYSIS 245 
A. Introduction 245 
B. Review of Literature 246 
C. Materials and Methods 252 
D. Results and Discussion 256 
VIII. GENERAL DISCUSSION AND CONCLUSIONS 303 
IX. LITERATURE CITED 310 
X. ACKNOWLEDGEMENTS 326 
XI. APPENDIX 327 
1 
I. INTRODUCTION 
The problem of obtaining high crop yields to feed the rapidly increas­
ing world population is of vital practical importance and considerable the­
oretical interest in agricultural circles. Although knowledge of how to 
obtain high yields in crops has increased tremendously in the latter half 
of the 20th century, it still is incomplete. Recent research to increase 
crop yields involves concerted efforts of plant breeders and crop physiolo­
gists in cooperation with agronomists, entomologists, geneticists, plant 
pathologists, and statisticians. 
In the last three or four decades plant breeders have developed breed­
ing methods that have resulted in increased maize (Zea mays L.) grain 
yields in the United States. One of these breeding methods is recurrent 
selection, a cyclic process involving evaluation of a large number of geno­
types from a population, identification and selection of a certain percent­
age of desirable genotypes, and recombination of the selected genotypes to 
form a new population from which further selections can be made. Recurrent 
selection is an effective method for increasing the frequency of favorable 
alleles for a quantitatively inherited trait without the rapid approach to 
homozygosity that often limits progress from selection with systems involv­
ing inbreeding. 
Recurrent selection programs for improved grain-yield performance were 
initiated during the early 1940's to early 1950's for several maize popula­
tions at the Iowa Agricultural and Home Economics Experiment Station. Sev­
en cycles of reciprocal recurrent selection in Iowa Stiff Stalk Synthetic 
(BSSS) and Iowa Corn Borer Synthetic #1 (BSCBl), and six cycles of 
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recurrent selection for specific combining ability in Alph (BS12), an open-
pollinated variety, have been completed. Inbred Bl4 was the tester variety 
in the latter program. Grain-yield performance was the primary selection 
criterion, but in later cycles of both programs, some attention was given 
to selection for lodging resistance and improved agronomic traits. 
The primary objective of the studies reported herein was to evaluate 
the progress that resulted from recurrent selection for grain yield in 
both selection programs. Furthermore, several biologists (Darwin, 1872, 
1875; Wigan and Mather, 1942; Schmalhausen, 1949; Lerner, 1958) have 
hypothesized that, because of the "constitutional unity" and "precarious 
balance" of living organisms, whenever one part of an organism is modified 
through continued natural or artificial selection, changes in other char­
acters not directly selected for are inevitable. The secondary objective 
of my studies, therefore, was to evaluate changes in agronomic, biochemical, 
morphological, and physiological traits associated with recurrent selection 
for grain yield. 
Studies of correlated traits are of interest for several reasons. 
They provide information on 1) the genetic relationships between traits, 
2) the type of simultaneous change (negative or positive) that selection 
for one trait could promote in another (unselected) trait, and 3) the rela­
tionship between a quantitative trait and fitness under natural selection. 
The first two reasons are important in the choice of traits that could be 
used to construct indices for simultaneous improvement of two or more traits 
in a selection program. Furthermore, results obtained in studies of corre­
lated traits often can be related to cytogenetic studies to determine wheth­
er two traits are associated through linkage or pleiotropism. 
3 
My thesis will be organized in the following manner. A general review 
of the literature pertinent to the theoretical basis for and empirical re­
sults from recurrent selection is presented in Chapter II. A brief descrip­
tion of the materials and methods used in the development of the the geno­
types that I studied are included in Chapter III. Response of the genotypes 
to nitrogen and plant density is the subject of Chapter IV, and changes in 
agronomic, morphological, and physiological traits associated with recurrent 
selection are summarized in Chapter V. Hie relationship between nitrate 
reductase activity and maize grain yield is reported in Chapter VI. An 
attempt was made to study dry-matter productivity and distribution through­
out the growing season by growth analysis. This research is reported in 
Chapter VII. Finally, a general discussion of all experiments is presented 
in Chapter VIII. 
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II. REVIEW OF RECURRENT SELECTION 
A. Theoretical Foundations 
The term "recurrent selection" was first used by Hull in 1945, al­
though breeding systems with essentially the same concept were suggested 
by Hayes and Garber in 1919 and by East and Jones in 1920. Studies on ear­
ly testing for general combining ability (gca) in maize (Jenkins, 1940) 
showed that high-yielding inbred lines could be identified in early gener­
ations. On the basis of his results and the assumption that yield hetero­
sis was due to dominant favorable alleles, Jenkins (1940) outlined a 
breeding procedure for the production of synthetic varieties from short-
time inbred lines. This procedure (now, usually called recurrent selection 
for gca because it uses a broad-base tester) includes the following steps: 
1) isolation of lines selfed for one generation, 2) testing topcrosses 
of these lines for yield and (or) other desirable traits to identify the 
best-performing lines, 3) selecting and intercrossing the best lines to 
produce a synthetic variety, and 4) repeating the above steps (possibly 
with the inclusion of lines from unrelated sources) for each synthetic 
variety after one or two generations of synthesis. 
Hull (1945) noticed that yield of F^ hybrids commonly exceeded the sum 
of yields of their respective inbred parents by more than 20%. He suggest­
ed overdominant action of genes as the cause of this yield heterosis| 
therefore, the heterozygous condition will be more favorable than the homo­
zygous condition at each yield locus. Consequently, Hull (1945) designed a 
breeding plan that would be fully effective for improving traits condi­
tioned by dominant and (or) overdominant gene action. His proposal 
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included self pollinating random SQ plants from a base population and, at 
the same time, outcrossing them to a narrow-base (or inbred) tester. Hie 
testcrosses subsequently would be evaluated in yield trials and lines of 
selected SQ plants would be intercrossed to form a new population for the 
next cycle of selection. Because this procedure utilizes a narrow-base 
tester, it has been termed "recurrent selection for specific combining abil­
ity." Hull (1952) subsequently presented evidence from 25 experiments that 
supported the overdominance hypothesis; therefore, use of recurrent selec­
tion for specific combining ability seemed justified. 
Sprague and Miller (1950) proposed a modification of recurrent selec­
tion for specific combining ability to determine the relative Importance of 
types of gene action involved in yield heterosis. Hiey suggested using two 
unrelated heterozygous stocks, A and B, whose Fj^ hybrid was known a priori 
to demonstrate significant yield heterosis. SQ plants in each stock were to 
be self-pollinated and outcrossed to a common inbred tester. On the basis 
of testcross performance, the superior self pollinated individuals within 
each stock were to be recombined into new populations. A' and B', from 
which further selections could be made. If selection were effective under 
the recurrent scheme, definite changes in gene frequency would be expected 
in the populations involved. When dominance is the sole cause of yield het­
erosis, the frequency of all genes affecting yield will approach 1.0 as a 
limit; therefore, the population hybrids (i.e. A x B, A' x B', etc.) of the 
two stocks should show a linear upward trend for yield. Contrarily, if 
overdominance is the type of gene action involved in yield heterosis, the 
gene frequency in both stocks will approach 1 - q as a limit (where q is the 
gene frequency of the inbred tester); and the population crosses should show 
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a curvilinear trend across recurrent selection cycles. 
Crow (1947, 1948, 1952) presented theoretical evidence that maximum pos­
sible Increase in hybrid vigor under the dominance hypothesis would be 5%. 
Heterosis greater than 5% of the mean of random breeding populations, there­
fore, cannot be explained exclusively on the basis of simple dominance. He 
suggested other types of gene action, such as interaction of non-allelic 
genes (i.e., epistasis) or heterozygote superiority to both the dominant ho­
mozygote and the recessive homozygote (i.e.,overdominance) as basis for het­
erosis. These conclusions agreed with the original hypothesis of East 
(1936) that was modified by Brieger (1950). 
Because of the controversy over the type of gene action involved in 
yield heterosis, quantification of variability in plant populations pro­
moted an urgent need for designing effective breeding programs (Frankel, 
1947). Previously, Wright (1921) had defined three types of genetic vari-
2 
ances: (1) additive genetic variance ^), (2) variance due to dominance 
2 deviations from the additive «cheme is, and (3) variance due to devia­
tion from the additive scheme resulting from the interaction of non-allelic 
2 
genes (i.e., epistasis = o^). Although Wright (1935) initially outlined 
procedures for estimating genetic variances, they were first applied to 
maize breeding by Comstock and Robinson in 1948. Mating Designs I, II, and 
III for estimating genetic variances originated from the studies of Comstock 
and Robinson (1948, 1952). Furthermore, these authors presented a method 
2 2 
for estimating the average degree of dominance ^) of genes, a term 
which was first used by Fisher, Immer, and Tedln in 1932. "Rie dlallel 
analysis (Sprague and Tatum, 1942; Griffing, 1956) for estimating general 
and specific combining ability variances, and the "generation mean 
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analysis", proposed by Hayman (1958) for partitioning additive, dominance, 
and epistatic effects, are some of the other methods currently used to eval­
uate relative proportions of the types of gene action involved in yield 
heterosis. 
Robinson, Comstock, and Harvey (1949) found that estimates of the aver­
age degree of dominance of genes conditioning grain yield in maize were in 
the overdominance range. These authors and Comstock and Robinson (1948) 
noted that linkage could cause genetic behavior similar to overdominance. 
Furthermore, even though there was overdominance at some loci, partial dom­
inance could predominate at others. In view of this situation, Comstock, 
Robinson, and Harvey (1949) proposed a breeding method that would be effec­
tive regardless of type of gene action. They termed their method "recurrent 
reciprocal selection", but it is now known as "reciprocal recurrent selec­
tion" or "reciprocal half-sib selection". With this method, foundation ma­
terials from two divergent sources, A and B, are used. TWo varieties, two 
synthetics, or the F_ generations of two single crosses were suggested as 
source materials. Comstock etal. (1949) outlined their procedure as 
follows ; 
(1) During the first season, SQ or plants from source A are self-
pollinated and at the same time outcrossed to several plants from source B. 
Likewise, individual plants in source B are selfed and tested against 
several plants from source A. 
(2) During the second season, separate yield trials of the test-
crosses from A and B are conducted and superior lines are selected. 
(3) In the third season, selfed seed of selected superior lines pro­
duced in the first season are intercrossed to form new populations. The 
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procedure is then repeated through successive cycles. 
Under the assumption of linkage equilibrium, two alleles per locus, 
and no eplstasis, Comstock et al. (1949) theoretically demonstrated that 
reciprocal recurrent selection would be superior to recurrent selection for 
both general and specific combining ability. Superiority of reciprocal re­
current selection over the other two is even greater when linkage and par­
tial dominance are important. 
Recently, Russell and Eberhart (1975) suggested using a superior in­
bred line from Improved A as tester for improved B and a superior line from 
improved B would become the tester for Improved A after several cycles of 
reciprocal selection with the populations as testers. The genetic variance 
among testcross families theoretically will be twice as large for Inbred 
testers as for population testers; therefore, gain from selection would be 
greater (Russell and Eberhart, 1975). Also, reciprocal recurrent selection 
is more flexible with regard to the commercial product obtained from the 
scheme. In areas where use of single-cross hybrids is not feasible and the 
uniformity of the commercial crop is not important (e.g. in developing 
countries), a variety cross or single-cross hybrids produced from early 
generation inbred lines (S^ or S^) can be used. 
For situations in which the primary goal of a breeding program is the 
development of single-cross hybrids, a recurrent selection scheme for simul­
taneous population improvement and efficient development of hybrids was out­
lined by Hallauer and Eberhart (1970). This scheme was designated "recip­
rocal full-sib selection" and is effective irrespective of the mode of gene 
action in the populations being improved (Hallauer and Eberhart, 1970). A 
prerequisite for using reciprocal full-sib selection is that the popula­
9 
tions to be improved must produce two or more ears per plant. 
Jones, Compton, and Gardner (1971) derived a formula to predict 
changes in gene frequency (A^^) for a locus in a diploid population under­
going reciprocal selection (half- or full-sib). The formula was 
+ (l-ZqgXaJw (2.1) 
P 
where q^, q^ are the frequencies of the desired alleles in populations A 
and B, u is the mean difference between genotypic values of homozygotes in 
the trait being selected, a is the level of dominance, k is standardized 
2 
selection differential, and O- is the variance among family means. Using 
this formula, Jones etal. (1971) theoretically compared full- and half-sib 
selection schemes and found that the relative performance of each was de­
pendent upon k and the environmental variances. The full-sib scheme was 
favorable with less intense selection and when the environmental variance 
was large relative to total genetic variance. As selection intensity in­
creased, advantages for reciprocal full-sib over reciprocal half-sib selec­
tion were less pronounced. 
B. Types of Recurrent Selection 
Penny, Russell, and Hallauer (1963) classified recurrent selection 
schemes into two broad categories, phenotyplc recurrent selection and geno­
typic recurrent selection. In phenotyplc recurrent selection, the pheno-
type Is the basis of selection. Contrarlly, genotypic recurrent selection 
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includes all types of recurrent selection in which the genetic worth of an 
SQ plant (evaluated by some type of progeny test) is the basis for selection. 
Penny et al. (1963) recognized five recurrent selection schemes: 1) pheno-
typic recurrent selection, 2) recurrent selection based on progeny per­
formance, 3) recurrent selection for general combining ability, 4) recur­
rent selection for specific combining ability, and 5) reciprocal recurrent 
selection. Empirical results obtained from various recurrent-selection pro­
grams were reviewed by Penny et al. (1963). 
Moll and Stuber (1974) presented another classification of recurrent-
selection methods. Ihey divided recurrent selection into two main catego­
ries, intrapopulation-improvement schemes and interpopulation-improvement 
schemes. Intrapopulation schemes maximize improvement of the populations 
per se and the inbred lines derived from them, but interpopulation schemes 
maximize improvements of population crosses and hybrids between lines from 
the populations under selection. Recurrent-selection methods classified in 
the intrapopulation-improvement class Include: 1) mass selection (Gardner* 
1961), 2) modified ear-to-row selection (Lonnquist, 1964), 3) half-sib se­
lection (Jenkins, 1940; Hull, 1945), 4) full-sib selection (Comstock and 
Robinson, 1948), 5) or selection (Lonnquist, 1949), and 6) test-
cross selection with a broad-base or an inbred tester (Sprague and Eberhart, 
1977). Reciprocal recurrent selection (Comstock et al., 1949) and recipro­
cal full-sib selection (Haliauer and Eberhart, 1970) are the only two known 
interpopulation-improvement recurrent-selection methods. Details about pro­
cedures for recurrent-selection methods have been discussed by Sprague and 
Eberhart (1977). 
One important common feature for all recurrent-selection schemes is 
11 
the use of mathematical formulae to predict gain from selection. Lush 
(1945) suggested that the expected gain from selection could be predicted 
by multiplying the selection differential (i.e., the mean of selected indi­
viduals minus the overall population mean) by heritability (the relative 
proportion of additive genetic variance to the phenotyplc variance). Be­
cause the selection differential can be expressed as k-^p with a normal 
distribution. 
2 
Gy = HD/y = (k-a^)/(yap) (2.2) 
Thus, 
c -k-a 
and 
(2.3) 
a: . (2.4) 
en ^ 
where = expected gain per year, H = heritability, D = selection differ­
ential, c = parental control, k = standardized selection differential, 
2 
a = additive genetic variance among individual families, a = phenotyplc 
a p 
standard deviation among families or individuals, y = number of years per 
2 2 
cycle of selection, o = experiment error, a = genotype x environment 
e ge 
2 2 interaction effects, a = genetic variance among families, o = total 
g b 
2 genetic variance among and within individuals, = within-plot environ-
2 
mental variance, a = between plot environmental variance, and n, r, and 
m are numbers of plants per plot, replications,anod locations, respectively. 
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Sprague and Eberhart (1977) modified equation 2.3 to predict genetic 
gains for the different recurrent-selection methods. 
C. Empirical Results from Recurrent-Selection Programs 
Recurrent selection has been used extensively to improve important 
agronomic traits of various crops including maize. I will review, however, 
only the literature that is relevant to the recurrent-selection methods 
(i.e., reciprocal recurrent selection and half-sib selection) that were 
evaluated in my studies. Reviews of other recurrent-selection methods were 
presented for maize by Lonnquist (1961), Penny et al. (1963), Jinahyon (1966), 
and Sprague and Eberhart (1977) and for self-pollinated crops by Sprague 
(1966) and Frey (1976). 
Preliminary data obtained from a recurrent-selection program for spe­
cific combining ability in the open-pollinated variety Krug (using the sin­
gle-cross tester, WF9 x Ml4) were discussed by Lonnquist (1961). The popu­
lation X tester cross showed an increase in grain yield of 3.4% per cycle 
froîu CQ to Cg. Concurrent experiments wêtê conuuctcu in Florida to compàîfê 
three methods of recurrent selection for enhanced grain yield of maize. 
The three methods were : 1) recurrent selection for specific combining 
ability using an inbred-line tester, 2) recurrent selection for general 
combining ability using the broad-based parental population as tester and 
3) selection based on Sg-line performance per se. Hie source population 
for the three programs was Florida 767 (Homer etal., 1963). Evaluation of 
three cycles of selection showed the inbred tester was more effective than 
the broad-base tester for improving both general and specific combining 
ability. In a subsequent study (Homer et al., 1969), the nine populations 
that resulted from the first three cycles of the programs were evaluated as 
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random-mated populations (synthetics), as selfed populations (bulked 
lines), and in crosses with 11 unrelated testers (i.e., testers not used in 
the recurrent-selection program). The broad-based-tester method produced 
the highest yielding random-mated (syn-3) population, and the Sg-progeny 
method produced the highest yielding selfed populations. There were no sig­
nificant differences among methods for improvement of general combining 
ability with unrelated testers. A more comprehensive evaluation of the 
three programs after five selection cycles (Homer et al., 1973) showed sig­
nificant linear increases in general combining ability for all methods, but 
the inbred-tester method was significantly more effective than the other two 
methods (4.4% gain per cycle, compared with 2.4 and 2.0% for the broad-base 
tester and Sg-progeny methods, respectively). There were no significant 
differences among methods for yields of random-mated, selected populations 
when adjustments were made for differences in rate of inbreeding. Homer 
et al. (1973) concluded that the inbred tester used in their study was homo­
zygous recessive at many important loci; therefore^ it was more effective 
in selecting dominant, favorable alleles than the broad-base tester which, 
probably, had intermediate gene frequencies at most loci. 
Seven cycles of recurrent selection for specific combining ability 
with a single-cross tester (F^^ x Fg) were evaluated by Homer et al. in 
1976. The source population (CQ) was composed of Fg generation of a cross 
(GT112 X L578) and FS767, a broad-based composite. The seven cycles of 
selection resulted in 18% (i.e., 2.6% per cycle) more grain yield, 9% lower 
ear height, and 35% less lodging relative to the CQ. Performance was simi­
lar when the populations were crossed to an unrelated synthetic tester, 
FS3W. Gains for these traits, therefore, resulted from increasing the 
14 
frequency of genes with additive effects. 
Two recurrent-selection programs of the type proposed by Sprague and 
Miller (1950) were conducted with maize in Iowa. The unrelated heterozygous 
source populations used in the first study were Lancaster Surecrop and 
Kolkmeier. A single-cross hybrid (WF9 x Hy) was the tester for the first 
cycle, and the inbred Hy , was the tester for subsequent cycles. After 
two cycles of selection, Sprague, Russell, and Penny (1959) showed 6.7% and 
20.0% yield gains for population x Hy crosses of Lancaster and Kolkmeier, 
respectively. Grain yields of the populations per se had not changed. 
They concluded that partial-to-complete dominance was involved in yield 
heterosis. Walejko and Russell (1977) evaluated changes in the Lancaster 
and Kolkmeier populations per se, the population in testcrosses with Hy and 
with unrelated testers, and the population crosses (Cg x CQ to x C^) 
after five cycles of selection. Rate of gain for yield was not significant 
for the Kolkmeier population per se; however, a significant and negative 
rate was observed for Lancaster population per se. Rates of gain for grain 
yield observed for the population crosses and population x Hy testcrosses 
were linear and significant, and gains in grain yield were expressed equally 
well when the populations were test-crossed to unrelated testers. 
The other program involved Alph, an open-pollinated variety, and 
(WF9 X BJyPg as the heterozygous stocks, with inbred Bl4 as the common 
tester. Penny, Russell, and Sprague (1962) obtained gains of 8.4% for Alph 
X B14 and 0.2% for (WF9 x 67) x Bl4 in two cycles. Populations per se had 
gains of 13% for Alph and 7.9% for WF9 x 37, whereas yields of population 
crosses increased 7.9%. Penny et al. (1962) concluded that recurrent selec­
tion for specific combining ability also accumulated genes exhibiting 
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additive effects. Russell, Eberhart, and Vega (1973) conducted a more com­
prehensive evaluation of five selection cycles from the same program. Rates 
of gain per cycles [quintals per hectare (q/ha)] were 2.06 for Alph per se 
and 1.55 for WF9 x B7 per se. Gains were 4.09 for the populations crosses; 
3.09 and 1.32 for Alph x Bl4 and (WF9 x B7) x 314 respectively;and 
3.63 and 1.51 for Alph x BSBB and (WF9 x B7) X BSBB, respectively. 
BSBB was an unrelated broad-base tester. Therefore, the conclusions of 
Penny et al. (1962) were valid for these populations. 
Results obtained from studies of long-term selection experiments for 
specific combining ability in Florida (Homer etal., 1973, 1976) and Iowa 
(Russell et al., 1973; Walejko and Russell, 1977) and from other studies 
(summarized by Moll and Stuber, 1974 and Hallauer, 1975) indicated that ad­
ditive genetic effects with partial-to-complete dominance were most impor­
tant for grain yield in maize populations. These results also showed that 
populations and lines developed with narrow-base testers displayed high 
general combining ability with other types of testeiB. Continued use cf the 
terms "recurrent selection for general combining ability" and "recurrent 
selection for specific combining ability", therefore, does not seem justi­
fied. 
Results from long-term experiments in Kenya, East Africa; North 
Carolina,and Iowa demonstrated that reciprocal recurrent selection was 
effective in improving maize grain-yield performance. Two populations, KII 
and Ec573, were improved by reciprocal recurrent selection in Kenya. After 
two cycles of selection, significant improvement was observed in Ec573 
per se (3.0q/ha/yr) and in the population cross (3.3q/ha/yr), KII x Ec573, 
but not in KII per se (Darrah, Eberhart, and Penny, 1972). Darrah et al. 
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(1977) evaluated three cycles from this program and found yield gains of 
3.5% per year for the population crosses. Number of ears per 100 plants in­
creased also. 
Moll and Stuber (1971) evaluated six cycles of reciprocal recurrent se­
lection in two open-pollinated varieties, Jarvis and Indian Chief. Signifi­
cant increases in yield were observed for Jarvis (4.43 g/plant/cycle) and 
the variety cross (9.76 g/plant/cycle), but not for Indian Chief. Further­
more, Moll and Stuber (1971) found that responses of both varieties to full-
sib selection were 2.1 times greater than to reciprocal recurrent selection. 
Response of the variety hybrid to reciprocal recurrent selection, however, 
was 1.3 times greater than the response to full-sib family selection. Also, 
heterosis in the variety hybrid increased markedly with reciprocal recurrent 
selection, but showed little change with full-sib selection. Evaluation of 
the first three cycles of these programs (Moll and Robinson, 1967) showed 
that full-sib selection resulted in greater performance for both inbreds and 
hybrids than reciprocal recurrent sslection. 
Evaluation of progress from five cycles of reciprocal recurrent selec­
tion in Iowa Stiff Stalk Synthetic [BSSS(R)] and Iowa Com Borer Synthetic #1 
[BSCBl(R)] maize populations indicated that the improvement in yield of the 
population cross was linear and was 2.73 q/ha (4.6%) per cycle (Eberhart, 
Debela, and Hallauer, 1973). No significant changes, however, were detected 
in the populations per se. Also, heterosis for grain yield (relative to 
mid-parent) increased from 15% in the CQ X CQ to 37% in the C^ x C^ crosses 
of BSSS(R) and BSCBl(R). No changes in ear height or maturity were detect­
ed, but ears per 100 plants Increased and lodging decreased In both popula­
tions and their cross. In another study, Russell and Eberhart (1975) eval­
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uated hybrid combinations of five selected lines from each of BSSS(R)C^ 
and BSCBl(R)Cg i.e., BSSS(R)line x BSCBl(R)Cj line. Average yield of 
the line crosses was 20.2% higher than the population cross (78.7 and 65.5 
q/ha, respectively). Two of the line crosses yielded significantly more 
than B37 x Oh43, a high yielding, open-pedigree single cross. Therefore, 
superior inbred lines could be obtained by reciprocal recurrent selection. 
D. Correlated Responses to Recurrent Selection 
Polygenic Inheritance is dependent upon many genes that have similar, 
small effects in comparison to the nonherltable variation of the phenotype. 
For this reason, selection applied to one polygenic trait almost always 
leads to changes in others. When selection is applied to one trait, x, 
associated changes In another (unselected) trait, y, are known as correlated 
responses. The genotypic correlation between the two traits largely deter­
mines the predicted pattern of the correlated response (Bohren, Hill, and 
Robertson, 1966). It has been shown (Falconer, 1960a) that the correlated 
response (CR) in y to selection for x would be 
CR = i h h r_a 
y.x X X y G y (2.5) 
where i is the standardized selection intensity for trait x, h and h are 
X y 
the square roots of heritabilities for x and y, respectively; r is the 
G 
genotypic correlation between the two traits, and oy is the phenotypic stan­
dard deviation in trait y. Dividing both sides of equation 2.5 by i a 
X y 
results in a standardized correlated response (CR' ) or correlated re-
y X 
sponse in standard deviations in y for each standard deviation of selection 
in X (Bohren et al., 1966). Thus, 
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CR* 
(2.6) 
Similarly, 
(2.7) 
Since G represents genetic effect and h = o /q , h = a_ /a , and 
^  °  x Q x ^ x  y G y y  
'g = '^GxGy/^Gx'^Gy, equations 2.6 and 2.7 reduce to 
(2.8) 
The standardized correlated response, therefore, should be the same in one 
generation if selection is based upon x or y, and if selection is upwards or 
downwards. When correlated response is measured over several generations, 
however, selection may change the values of the parameters in equation 2.8 
in such a way that the standardized responses are different from those pre­
dicted on the basis of the original values of the parameters (Falconer, 1960b; 
Bohren et al, 1966). Therefore, changes that occur in the three parameters 
O _ , O , and O as a result of selection will determine the magnitudes of (jXCiy X y 
correlated responses, and whether or not correlated responses will be 
symmetrical or asymmetrical (Bohren et al., 1966). 
Correlated responses may be either obligate or facultative (Lemer, 
1958). Obligate correlated response is particularly important when the re­
sponse takes the form of decreased fitness and usually occurs when; 
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1) selection for a character that initially may not be a major component 
of fitness is continued for a long time; 2) a major fitness component 
that is subjected to selection has an intermediate optimum; and 3) selec­
tion for a metric trait is practiced In opposite direction to the sign of 
the genetic correlation between the trait and fitness. In selection for a 
character that is not a major component of fitness. Inbreeding may be part­
ly responsible for the reduction in fitness (Lemer, 1958). 
Facultative types of correlated responses affect certain traits in 
one selection program and different traits In another. The direction of 
change and the specific traits that may show changes are not Identifiable 
£ priori. Lemer (1958) suggested that facultative correlated responses 
occur because of differences in combinations of alleles in one population 
relative to the other; for example, combinations of alleles with a net 
'plus* effect on character Y may be linked with plus-acting alleles for 
character X in one population and with 'minus' alleles in another. In 
such a ease, selection to increase mean performance o£ X in the two popu­
lations will be accompanied by correlated responses of Y in the opposite 
direction. 
Several genetic mechanisms have been proposed as causes of correlated 
response. The first mechanism is pielotropy, the phenomenon in which a 
gene Influences two or more traits simultaneously (Falconer, 1960a). Cor­
relation due to pleiotropy may occur when the phenotyplc expressions of the 
correlated traits are dependent upon alleles with general effects on meta­
bolic efficiency or upon the same hormone or enzyme systems. Correlated 
responses might be ascribed to plelotroplc action of polygenes if the rela­
tionship between selected and unselected traits is constant over several 
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environments (Mather and Jinks, 1971). Also, pleiotropy may be responsible 
for obligate correlated responses and the obligate nature of such responses 
is permanent (Lemer, 1958) unless the alleles become separated by selec­
tion of modifiers at other loci, or by replacement with alleles which have 
no influence on the correlated trait (Haldane, 1930; Renwick, 1956). 
Linkage disequilibrium is another proposed cause of correlated re­
sponses. Linkage may hold existing gene combinations (either among similar 
or dissimilar alleles) together (Allard, 1960). It may be present in the 
original population or it may be generated by selection. Wigan and Mather 
(1942) suggested that if genes controlling metric characters are organized 
in blocks, the polygenes concerned with the variability of one trait are 
intermingled along the chromosome vjfith those that determine variability for 
another trait. Selection for increased frequencies of certain blocks will 
also affect the frequencies of dissimilar alleles intermingled with these 
blocks thereby resulting in correlated responses. According to Wigan and 
Mather (1942), intermingling of genes plays an important role in cGnservs= 
tion of heritable variability. Additionally, evidence from several animal 
selection experiments (summarized by Mather and Jinks in 1971) suggested 
linkage was a more frequently observed cause of correlated responses than 
pleiotropy. 
Associations of loci and blocks located on different chromosomes also 
may result in correlated responses (Lemer, 1958). Short-range correlated 
responses of independently transmitted genes often result from such associ­
ations (Lemer, 1958). 
Many experiments designed to evaluate various selection methods have 
concentrated on single traits. Correlated changes in other traits, however. 
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have been studied in several selection programs. After four cyc?^s of se­
lection for leaf weight in tobacco, Matzinger and Wemsman (1968) reported 
a good agreement between observed and expected correlated responses with 
various other traits. Correlated response, however, were not linear over 
selection cycles. Moll and Robinson (1966) evaluated observed and expected 
correlated responses to recurrent selection for grain yield in maize. They 
reported a good agreement between observed and expected correlated re­
sponses for number of ears per plant. Correlated responses of ear height 
and days to tassel were not consistent. Four cycles of recurrent selection 
for reduced ear height in two maize populations resulted in significant re­
ductions of plant height and grain yield (Âcosta and Crane, 1972). Other 
studies (Harris, Gardner, and Comptpn, 1972; Russell et al., 1973; Homer 
.... 
etal., 1976; Darrah etal., 1977) of recurrent selection in maize also dem­
onstrated consistent, positive associations between yield of grain and num­
ber of ears per plant. Correlated responses of other traits with selection 
for grain yield were inconsistent. 
Several crop scientists have capitalized upon the high genetic corre­
lation between certain highly heritable traits and grain yield in indirect 
selection programs. Frey (1967) reported a 9% increase in oat yields by 
selecting for seed width, and Chandhanamutta and Frey (1973) showed an aver­
age increase of 5.6% per cycle in grain yield when selection was for in­
creased panicle weight. Grain yield of a maize population increased at the 
rate of 6.3% per cycle through indirect selection for number of ears per 
plant (Lonnquistj 1967). Direct selection for grain yield in this variety 
(Gardner, 1961) showed a gain of only 3.8% per cycle. The greater yield 
increase associated with indirect selection was attributed partly to high 
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herltability of prolificacy and partly to the high genotypic correlation 
between prolificacy and yield (Moll and Stuber, 1974). Three cycles of 
recurrent selection for stalk rot resistance resulted in correlated re­
sponses for 11 other traits (Jinahyon and Russell, 1969). In this study, 
grain yield showed a positive correlated response with improved stalk-rot 
resistance. 
Comparison of observed and expected correlated responses have been less 
consistent than the comparisons for direct responses to selection (Clayton 
etal., 1957; Bohren etal.> 1966; Moll and Stuber, 1974). As discussed 
previously, changes that occur in the three parameters of equation 2.8 as a 
result of selection will determine the extent of agreement between observed 
and expected correlated responses. Bohren etal. (1966) used computer simula­
tions to examine the pattern of changes of the genetic covariance between 
two traits in a selection experiment. The computer was programmed to calcu­
late changes in gene frequency across generations and to calculate expected 
changes in genetic vatiatice arid covariance as selection proceeded. This 
procedure was repeated for several models of gene effects with various gene 
frequencies. Asymmetry of genetic covariance, and consequently, of the cor­
related responses occurred most frequently in loci that contributed nega­
tively to the covariance, and loci that had gene frequencies other than 0.5. 
Accurate predictions of correlated responses across many generations, there­
fore, is not possible without prior knowledge of the composition and magni­
tude of the genotypic covariance. Predictions would have to be based upon 
genetic parameters estimated in each generation. 
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III. BACKGROUND FOR THE STUDIES 
A. Reciprocal Recurrent Selection 
Dr. G. F. Sprague, in 1949, initiated a reciprocal recurrent selection 
program for improved grain-yield performance in two synthetic varieties of 
maize, Iowa Stiff Stalk Synthetic (BSSS) and Iowa Corn Borer Synthetic #1 
(BSCBl). BSSS and BSCBl were developed in the 1930's and 1940's by inter­
crossing 16 and 12 lines,respectively. All lines involved in the two syn­
thetics were of US origin and Corn Belt maturity. Procedures used through 
the first seven cycles of the recurrent selection program are described 
briefly herein. Details of these procedures for the first five cycles have 
been reported previously (Penny and Eberhart, 1972). 
In 1949, a large number of plants from the original BSSS (BSSSCQ) were 
self pollinated and each selfed plant was used as male to pollinate about 
10 random plants from the original BSCBl (BSCBICQ). Seed from the 10 test­
ers involving the same male parent was harvested and bulked for use in per­
formance evaluations. Selfed seed from each plant was harvested and placed 
in cold storage. One hundred of the selfs and associated testcrosses were 
harvested. A similar procedure was followed to obtain 100 selfs in BSCBlCQ 
and 100 associated testcrosses to BSSSC^. In 1950, the two sets of test-
crosses were grown in separate performance trials at a single location with 
three replications. 
Data from the 1950 trials were used to select the best 10 S^ lines from 
each variety. Selection was based primarily upon yield, but some attention 
was given to grain moisture at harvest and lodging resistance. The selected 
lines within each variety were recombined by a diallel cross (a total of 
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45 crosses per variety) in 1951 to form BSSSC^ and BSCBIC^ populations. 
Four to six individual plant crosses were made between each pair of 
lines, and the crosses were bulk-harvested within pairs. Equal quantities 
of bulked seed from each of the 45 crosses were composited, grown in 1952, 
and random-mated to produce the syn-2 generation of the new populations. 
Seed of the syn-2 generation was placed in cold storage. 
Field techniques for selfing, testcrossing, selection of best perform­
ing lines, and intercrossing to form new populations were similar through­
out the first five cycles of selection. After the first cycles, however, 
the 45 individual intercrosses among the selected "elite" lines were used 
as the population for the next cycles of selection rather than syn-1 or 
syn-2 generation bulk seed. This was done to reduce the number of years per 
cycle, to retain the pedigree of each plant selected, and to use this re­
cord to reduce rates of inbreeding (Penny and Eberhart, 1972). In some in­
stances, the rate of inbreeding was reduced by selecting a line that ranked 
in testcross yield but that had a parentage not represented in the other 
elite lines. Evaluation of approximately 100 testcrosses in performance 
trials was maintained throughout the program. Selection intensity, there­
fore, was 10%. The most improved version of the reciprocal variety was 
used as the tester in each cycle. 
Second-cycle testcrosses were grown at two locations in one year. Four 
environments (2 years, 2 locations per year) were used to evaluate third-
and fourth-cycle testcrosses, and fifth-cycle testcrosses were evaluated at 
four locations in one year. Plant density levels ranged from 29,000 plants/ 
ha for the first cycle to 51,670 plants/ha for the fifth cycle. Records of 
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actual fertilizer rates used are not available but were believed to be com­
parable to commercial fertilizer rates, and these generally increased 
during the selection program (Penny and Eberhart, 1972). Standard field-
plot techniques were used for each cycle. All plots were hand-planted and 
hand-harves ted. 
After the fifth cycle, an attempt was made to increase the agronomic 
selection in the breeding nursery. Therefore, the program was modified to 
use lines rather than plants. In 1968, bulk plantings were made of 
the syn-2 generations of BSSSC^ and BSCBIC^. Approximately 200 plants were 
selfed within each population. The lines were planted in a breeding 
nursery in 1969 and one plant in each line was selfed and crossed to a test­
er. As in previous selection cycles, BSCBIC^ was tester for BSSSC^ and 
BSSSCg was tester for BSCBIC^. Each selfed plant was inoculated with a 
spore suspension of Diplodia zeae (Schw.) Lev., and date of pollination, 
plant height and ear number score were recorded. Ratings for leaf feeding 
of first-brood European corn borer [Ostrinia nubilalls (Hubnerj) were ob­
tained for each of the lines in a separate replicated planting. At har­
vest time, 100 selfed plants and associated testcrosses were selected on 
the basis of agronomic appearance, plus disease and insect resistance. The 
testcrosses were grown at four locations in 1970 in simple-lattice designs 
with two replications per location. Plant-densities ranged from 42,900 to 
51,700 plants/ha at the four locations. Data were obtained for root lodg­
ing, stalk lodging, and grain yield in all trials. All plots were har­
vested mechanically. The 10% selection intensity used in the first five 
cycles was maintained. Selected lines were recombined to form BSSSC^ and 
BSCBIC, populations, and the procedure used in the sixth cycle was repeated 
o 
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in 1973 to produce BSSSC^ and BSCBIC^. 
B. Half-sib Selection Program 
This recurrent-selection program was initiated in 1949 by Dr. G. F. 
Sprague to evaluate the modification (Sprague and Miller, 1950) of recur­
rent selection for specific combining ability proposed by Hull in 1945. 
Two heterozygous populations of maize; Alph (i.e., BS12), a highly hetero­
geneous open-pollinated variety, and the generation of the cross WF9xB7 
were used as source materials. The homozygous inbred line, B14, was used 
as a common tester for both populations. I will describe only the pro­
cedures used for improving BS12. The procedures, however, were similar for 
(WF9xB7)F2 (Penny et al., 1962; Russell et al., 1973). 
Individual plants from the original population (BS12CQ) were self-
pollinated and also used as male parents to pollinate several plants of B14 
in 1949. In 1950, 79 testcrosses were grown in one location. The 10 
progenies from BS12CQ having the highest testeross yields were selected 
(i.e., selection intensity, i = 12.66%) and intercrossed in a diallel in 
1951. The resulting 45 crosses were grown in single-row plots in 1953, al­
lowed to open-pollinate, and bulk-harvested to form BS12C^. Additionally, a 
composite sample consisting of equal numbers of kernels from the 45 inter­
crosses was planted, random-mated, and a bulk sample of the syn-1 generation 
seed was placed in cold storage for future use. 
Ninety-seven testcrosses from individual plants of BS12C^ were 
grown in two locations in 1954. Data obtained from these trials were used 
to select the 10 highest-yielding lines (1 = 10.3%), and these pro­
genies were recombined to form BSl&Cg. The syn-1 generation of the pop-
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ulatlon was produced as described for the 
Generally, procedures used in cycles 3, 4, 5, and 6 were similar to 
those used in the first two cycles, except that testing was more extensive 
and plants were used for making testcrosses to B14 in the sixth cycle. 
Number of testcrosses used varied among cycles (Table 1) but in each, 10 
lines with high testcross yields were crossed in a diallel scheme to produce 
the next population. Pedigrees were maintained to minimize effects of in­
breeding. Consequently, the lines selected were not always from the 10 
plants with the highest testcross yields. Syn-2 seed was obtained in each 
cycle, and a bulk sample was maintained in cold storage. 
C. Production of Variety Hybrids for Evaluation 
Seed of BSSS(R)cJ, BSSS(R)CG, BSSS(R)C^, BSCB1(R)CQ, BSCB1(R)C^, 
BSCBL(R)C^, BS12CQ, BS12CG, and B14A was removed from cold storage in 1974, 
and the following crosses were made: 
/I n /T*\ joaaa y,a.} Uq JV. JDOV^ux OQ 
BSSS(R)Cg X BSCBl(R)Cg 
BSSS(R)C^ X BSCB1(R):C^ 
BS12CQ X B14A 
BS12Cg X B14A 
For each cross, a 17-plant row of one parent was paired with a 17-plant row 
of the other parent, and ten pairs of rows were planted. Except for B14A, 
^R was used by Eberhart et al. (1973) to designate populations 
developed by reciprocal recurrent selection. 
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plants were used only once, either as male or female parent, and efforts 
were made to croës as many plants in the row as possible. To minimize 
sampling error in the heterogeneous sources, at least 100 plants in each 
population were used in the preparation of a population cross. Seed from 
all ears of each cross was bulked and grown in my 1975 and 1976 evaluation 
experiments. Remnant seed from each cross was placed in cold storage. 
Table 1. Summary of testing procedures, variance component estimates and predicted gains from 
recurrent selection for specific combining ability for grain yield in BS12 (Adapted from 
Russell et al., 1973). 
Population 
No. of 
Trials 
Reps/ 
Trials 
No. of 
testcrosses 
Variance Component Estimates^ 
ge g 
Predicted Gains^ 
% 
^0 1 3 79 
11.3 17.2 16.7 
^1 2 
3 97 26.8 16.4 15.9 8.5 
S 4 3 95 36.9 8.8 4.4 3.1 
S 4 2 91 28.6 10.1 16.0 5.7 
3 2 95 46.2 1.3 3.8 2.1 
S 4 2 100 85.5 24.4 19.7 5.5 
d 2 2 2 
s , s , and S are estimates of the error variance, genotype x environment variance, 
ge g 
and genetic variance, respectively. 
^Predicted gains/cycle for topcrosses with B14 in percentage of population x B14 cross. 
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IV. RESPONSE TO NITROGEN AND PLANT-DENSITY LEVELS 
A. Introduction 
Plant breeders often are faced with the problem of determining the 
type of environment (stress or nonstress) in which to practice selection. 
An ideal environment should enhance the heritability of traits being se­
lected, as in the case of disease resistance under an artificial epiphyto-
tic. Performance of genotypes in selection environment should be highly 
correlated with their performance across the range of environments in 
which they are to be used. Two schools of thought about this issue exist 
in the literature; 
1) Selection for yield should occur under a high-productivity or non-
stress environment so that genotypes being evaluated will demonstrate their 
optimum potential for yield. This model assumes that superior genotypes in 
high-productivity environments will be superior at other environmental 
lèvèla. 
2) Because the environment usually is suboptimal for several growth 
factors, stress is the normal situation. Crops should, therefore, be devel­
oped for performance under stress conditions. Normal variations of the en­
vironment may be masked by "better-than-normal" selection nurseries or 
yield-test plots, and genotypes selected under such conditions may be un-
adapted to the average range of environmental conditions under which the 
genotypes will be grown commercially. Application of some form of stress 
in the selection nursery or yield trials might alleviate this situation. 
The primary objective of the studies reported in this chapter was to 
test the hypothesis that selection of maize genotypes under one level of 
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the environment will result in changes in performance of these genotypes at 
other environmental levels. Nitrogen and plant-density levels were the only 
environmental factors studied. Genotypes that 1 evaluated were developed 
at different times over a 25-year period, and during this period nitrogen 
application rates and plant densities increased commercially. The original 
populations (C^) were selected under manure and legume-crop rotation sys­
tems. Average amounts of nitrogen in the manure was estimated at 50 to 60 
kg/ha, and densities were 30 to 35 thousand plants/ha (Mr. William Falck, 
Agronomy Department, Iowa State University, Ames, Iowa 50011, personal 
communication). By the early 1970's, when the latest versions of the pop­
ulations (Cg or Cy) were developed, 160 kg N/ha and about 50,000 plants/ha 
were the average rates. 
Other objectives of my studies were: 1) to compare the response of 
unimproved and improved maize populations to different levels of nitrogen 
and plant density, and 2) to evaluate the influence of nitrogen and plant 
density on morphological and physiologicàl craiLS associated wikh fëcurifénc 
selection for grain yield in maize. 
B. Review of Literature 
A prime objective of studies involving quantitative genetics is the 
determination of magnitudes of genetic variance so that predictions of 
genetic improvement in selection programs can be made. These assessments 
must be made on the basis of the phenotype which, of course, reflects both 
genetic and nongenetic influences on plant development. For the plant 
breeder, nongenetic effects (mostly environmental effects) and genetic ef­
fects are not independent. Inter-play of genetic and nongenetic effects is 
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known as genotype x environment interaction (G x E). Genotype x environ­
mental interaction reduces the correlation between phenotype and genotype 
(Moll and Stuber, 1974). Also, because progress from selection depends 
mostly on genetic effects, plant breeding experiments usually are conducted 
in several environments to minimize biases resulting from G x E. 
Allard and Bradshaw (1964) indicated that the nature of G x E is ex­
tremely complex and is not clearly understood by plant scientists. The 
basic causes of G x E, however, have been attributed to physiology, bio­
chemistry, and developmental genetics (CornsLock and Moll, 1963). Further­
more, Allard and Bradshaw (1964) classified environmental variation into 
two types, predictable and unpredictable. Predictable variations include :< 
the more permanent features of the environment, such as climate and soil 
types, and cyclic patterns like daylength. Factors that man can control 
(e.g., planting date, plant density and fertility levels, etc) also belong 
to this category. Distribution and amount of rainfall, temperature varia­
tion and insect or disease infestations are unpredictable environsiental var­
iations. 
Genotypic (or varietal) performances may or may not change with envi­
ronmental fluctuations, even when there are large differences in environ­
mental factors. Stable genotypes possess the inherent ability to adjust 
their phenotypic responses to environmental influences to provide unifor­
mity of performance in spite of environmental fluctuations (Moll and Stuber, 
1974). Homogeneous genotypes that show relative stability in variable en­
vironments largely depend on "individual buffering", whereas heterogenous 
genotypes may use both "individual" and "population buffering" to achieve 
stability (Allard and Bradshaw, 1964). 
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Extensive studies have been conducted on the effects of nitrogen and 
plant density on maize growth and productivity. Results of these studies 
have been summarized in recent reviews by Pierre, Aldrich, and Martin 
(1966), Black (1968), and Bidwell (1974) for nitrogen, and by El-Lakany 
(1970), Pepper (1974), and Fakorede (1975) for plant density. Herein, I 
will review the literature on differential response of maize genotypes to 
nitrogen and plant-density levels. 
McVicker and Shear (1946) studied three open-pollinated varieties and 
three hybrids of maize at five plant densities ranging from 9,633 to 48,412 
plants/ha. Significant differences for grain yield among the genotypes were 
observed at each density. Optimum density levels for the open-pollinated 
varieties and the hybrids were 19,266 and 38,232 plants/ha, respectively. 
Lang, Pendleton, and Dungan (1956) evaluated nine single-cross hybrids at 
six plant densities ranging from 9.9 to 59.3 thousand plants/ha and three 
nitrogen-fertility levels designated low, medium and high. Differential 
yield levels were observed. Single cross, Ï*JF9 x G103, which had the best 
yields at the low densities, had the poorest yields at high plant densities. 
Contrarily, Hy2 x Oh7, which was one of the poorest yielders at low densi­
ties, had the highest yields at high plant densities. Additionally, Lang 
et al.(1956) observed hybrids that showed a tendency to be multiple-eared 
at low densities had the lowest percentage of barren stalks at high densi­
ties. In another study involving a diallel of four inbred lines of maize, 
Woolley, Baracco, and Russell (1962) found that all hybrid combinations 
with C103 resulted in the poorest yield responses to plant-density stress. 
The relationship between second ear development and genotype x density 
interaction in maize was investigated by Collins, Russell, and Eberhart 
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(1965). Grain yields of 36 single-cross hybrids that were classified into 
three types (i.e., 1-ear x 1-ear, 1-ear x 2-ear, and 2-ear x 2-ear) were 
compared at approximately 20, 30, 40, and 50 thousand plants/ha at four envi­
ronments (2 locations, 2 years) in central Iowa. The 2-ear^ type produced higher 
yields across plant densities than the 1-ear type. This relatively consis­
tent performance of prolific x prolific hybrids was attributed to the capa­
city of these types of hybrids to adjust to environmental fluctuations by 
changing the numbers of ears produced. Collins et al. (1965) concluded that 
prolific genotypes may perform better than single-eared genotypes at high 
plant densities. Further studies (Russell, 1968) indicated that prolific 
hybrids produced their highest yields at 58,100 plants/ha, whereas optimum 
density for nonprolific hybrids was 38,700 plants/ha. Incidence of barren 
stalks at 58,100 plants/ha was four times greater for nonprolific than pro­
lific hybrids. Although prolific hybrids had 27% stalks with second ears 
at the low density (29,000 plants/ha) second ears accounted for only 9.8% 
of their total yield. AlsOj Russell and Eberhart (1968) analysed yield 
stability of prolific and nonprolific three-way crosses in two experiments, 
one with 12 environments (4 locations, 3 years) and the other with 24 en­
vironments (4 plant densities, 2 locations, 3 years). Comparisons of the 
stability parameters (i.e., mean yield, b-values, and deviation mean 
squares) indicated that prolific hybrids were more stable than nonprolific 
hybrids. Russell and Prior (1975) reported similar results for a different 
set of genotypes. Evidently, genotype x density interactions are greater 
for single-eared than multiple-eared maize genotypes. Second-ear develop-
^Hereinafter, "prolificacy" will be used to describe ability to pro­
duce two or more ears. 
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ment, therefore, seems to be a mechanism that contributes to developmental 
homeostasis of Com Belt maize. 
Effects of plant density on the relationship between agronomic traits 
and grain yield of maize have been studied. El-Lakany and Russell (1971) 
evaluated 10 low-yielding and 10 high-yielding inbred lines (F^ generation 
from Ml4 x C103) in six environments at 31.0, 40.8, and 59.5 thousand 
plants/ha. Only plant and ear heights were significantly correlated with 
yield (r = 0.51 and 0.47, respectively) at the low density; but at the 
intermediate density, plant and ear heights,ear diameter, and shelling per­
centage showed positive correlations with grain yield. At the high plant 
density, however, all traits except 300-kemel weight and dates of pollen 
shed and silk emergence were correlated significantly with yield. Except 
for pollen-shed-to-silking interval (r = -0.66), all significant r-values 
were positive. Studies by Mock and Buren (1972) and Buren, Mock, and 
Anderson (1974) Indicated that density-tolerant maize genotypes were char-
actGrizsd by rapid completion of silk sxtruszon, ccincldcnc3 of pcllGH shsd 
and silk extrusion, rapid growth of the first ear and first-ear silk, pro­
lificacy, small tassel size and efficient production of grain per unit leaf 
area. 
Several investigators have shown that genotypic response of maize to 
plant density may vary with the fertility level of the soil. A study con­
ducted for 11 years at two fertility levels (manure and no manure) with four 
plant-density levels within each fertility level (Mooers, 1933) indicated 
differential responses of maize genotypes to fertility-plant-density com­
binations. Highest yielders under poor conditions (no manure, high plant­
ing rates) were not the highest yielders under low-density, high-fertility 
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conditions. Mooers (1933) suggested the use of various fertility and den­
sity levels In yield trials for maize. Duncan (1954) found that fertility 
and density levels adequately explained the differences in yielding capac­
ity of three hybrids. At low fertility levels, differences in yield at any 
stand level were very small, but as plant density and fertility levels in­
creased, the spread in yields of the hybrids became more pronounced. 
Duncan (1954) pointed out that in order to make a critical study of optimum 
soil fertility levels for maize genotypes, plant density should be high 
enough to exert a near maximum demand on the fertility resources of the 
soil. 
Two problems confront plant breeders with regard to the choice of en­
vironment in which to practice selection. First, if G x E Interaction is 
Important, they face an obvious problem of selecting appropriate genotypes. 
The second problem arises when heritablllty varies in different environ­
ments. Breeders normally desire to practice selection In an environment 
that maximizes heritablllty of the trait to be improved. Usually, herita­
blllty varies in environments characterized by different degrees of stress 
on the genotypes being evaluated. A plant has been subjected to some type 
of stress if its yield is less than the maximum potential for the genotype 
(Russell and Telch, 1967). Some of the stress factors commonly encountered 
in agronomic research are number'of plants per unit land area (plant den­
sity); limited supplied of nutrients, water, and light; unfavorable soil 
and ambient temperatures; etc. Environments characterized by non-optimal 
levels of one (or more)of these factors are "stressed" for that factor, and 
those characterized by optimum levels are "nonstressed". It follows, 
therefore, that there are degrees of environmental stress, and that a non-
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stress environment in the absolute sense is rare. 
Selection experiments have been conducted with several crop species to 
test performance of genotypes selected under stress or nonstress environ­
ments at other levels of the environment. Gotoh and Osanai (1959a) con­
ducted a selection experiment under three fertility levels. Superior wheat 
lines with wide adaptation to fertilizer levels were obtained more fre­
quently in low- than in high-fertility level selection nurseries. In anoth­
er study, Gotoh and Osanai (1959b) found that wide spacing (low density) 
permitted greater phenotypic variation in wheat than high density; there­
fore, selection at low densities was more efficient than at high densities. 
On the other hand, Guitard, Newman, and Hoyt (1961) found that efficiency 
of selection in space planted, early generation lines of wheat, oats, or 
barley was lower than selection in dense seedings. Frey (1964) selected 
two groups of oat lines, one group under stress conditions (low fertility, 
low-moisture, droughty soil) and the other group under nonstress (high 
fertility, hlgh-moisture soil) conditions and found that after five genera­
tions of selection, mean yields of the two groups (across yield-test en­
vironments) were similar. Mean squares for group x environment interaction, 
however, were large and highly significant for the group selected under 
stress conditions; whereas, similar mean squares for the group selected 
under nonstress conditions were small and nonsignificant. Therefore, non-
stress conditions resulted in the retention of oat strains with a wider 
range of adaptation than strains developed under stress conditions. Addi­
tionally, heritability for grain yield in the stress and nonstress environ­
ments were 32% and 45%, respectively. Thus, more rapid progress from 
selection would be expected under nonstress than under stress conditions. 
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Similar results were obtained for wheat in Japan (Gotoh and Osanai, 1959a) 
and India (Roy and Murty, 1970). 
In an attempt to improve yield without changing maturity, Weber (1957) 
selected individual soybean plants from bulk hybrid populations at differ­
ent plant densities. Evaluation of the progenies in replicated drilled 
plantings showed no differences for yield, plant height, or lodging among 
selections from different plant densities. 
Russell and Teich (1967) selected two groups of maize lines, one under 
low plant density, the other under high plant density. When hybrid perfor­
mances of the two groups were compared at density levels ranging from 29.6 
to 69.2 thousand plants/ha, there were no significant yield differences be­
tween the two groups within and across plant densities. These results indi­
cated that selection at low or high densities produced lines with similar 
response to plant-density levels. Regression of yield on density, however, 
produced smaller negative b-values for the group selected under dense stand, 
lines selected under high-density conditions. In a subsequent study, Rus­
sell (1969) selected inbred lines for three generations at a low (38,700 
plants/ha) or a high (58,100 plants/ha) plant density. When the resulting 
lines were evaluated in testcrosses with a double-double-cross tester, 
both groups of lines yielded similarly at low densities (29.1 to 32.2 
thousand plants/ha). At medium and high densities (43.6 to 64.4 thousand 
plants/ha), however, testcrosses of the high density group out—yielded those 
of the low density group. Differences in yield at these densities resulted 
from a greater incidence of barren stalks for the low-density selections. 
Two studies have been conducted in central Iowa to compare the relative 
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performance of maize hybrids developed during different eras within the 
last 50 years. During this period of time, field husbandry (e.g. increased 
fertilizer use, increased plant density, better weed control) has improved 
gradually. Russell (1974) evaluated 25 genotypes (one open-pollinated 
variety, 16 double-cross hybrids, and eight single-cross hybrids) repre­
senting the period from 1930 to 1970. The genotypes were grown at 29.7, 
44.5, and 59.3 thousand plants/ha in 12 environments (4 locations, 3 years). 
Generally, results showed an increasing trend for yield from the open-
pollinated variety to the hybrids in 1970. Hybrids developed during 
later eras were more density tolerant than the open-pollinated variety and 
hybrids developed during earlier eras. Regressions of yield on density 
showed significant and positive linear b-values for hybrids developed dur­
ing the mid 1950*s to 1970 era. Similar values for hybrids developed 
earlier were negative. Additionally, Russell (1974) found that hybrids from 
the I960's or later were more stable in yield performance than hybrids de­
veloped earlier, 
Duvick (1976, and personal communication) evaluated 19 commercial hy­
brids introduced during the period 1930 through 1971 at 32, 44, and 66 
thousand plants/ha at four central Iowa environments (2 years, 2 locations). 
In a second experiment, Duvick (1976) evaluated 50 single crosses obtained 
from Inbred lines introduced during the period from 1930 to early 1970*8. 
Six environments (3 locations, 2 years) and the density levels of the first 
experiment were used in the second experiment. In both experiments, the 
genotypes yielded similarly at the low plant density (commercial density of 
1935). At the intermediate (average commercial density of 1975) and high 
plant densities, however, the newer the hybrid, the higher the grain yield. 
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Highest yields for "old" and more recent hybrids were attained at 32,000 
and 44,000 plants/ha, respectively. Furthermore, Duvick (1976) found that 
yield gains of the new hybrids were closely associated with reduced root and 
stalk lodging at all densities, and reduced barrenness at the intermediate 
and high plant densities. Maturity and prolificacy remained unchanged. 
Arboleda-Rivera and Compton (1974) conducted three cycles of mass se­
lection for yield and prolificacy of maize under wet (nonstress) and dry 
(stress) seasons in Colombia, South America. The four populations (C^ to 
C^) developed in each environment were evaluated for three years under the 
selection environment and the alternate environment. When tested in the 
wet season, wet-season selections showed improvements of 10.5 and 8.8% per 
cycle for yield and prolificacy, respectively. The corresponding figures 
were 0.8 and 1.0%, respectively, when wet-season selections were evaluated 
in the stress environment. Dry-season selections showed improvements of 
2.5 and 4.4% per cycle for yield and prolificacy, respectively, when evalu­
ated under dry-season conditions whereas these gains were 7.6 and 11.4% 
when dry-season selections were evaluated under nonstress, wet-season con­
ditions. Therefore, 1) selection for prolificacy under stress demonstrated 
greater gain than selection under nonstress conditions when evaluated In 
nonstress environments, 2) selections for prolificacy under nonstress con­
ditions may not carry through when evaluated under stress conditions, and 
3) selections for grain yield under stress resulted in greater gains than 
selections under nonstress when both were evaluated under stress conditions. 
Although more studies on relative performance of genotypes selected 
under stress and nonstress conditions will be necessary before valid, 
general conclusions can be drawn, results of such studies reviewed herein 
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suggest that 1) selection of genotypes under high fertility and high 
plant density levels tend to be stable in yielding ability at other levels 
of these two environmental factors, 2) selection made under "normal" sea­
son conditions may perform poorly under off-season conditions, and 3) 
maize genotypes that are to be grown commercially in high plant density or 
moisture-stress environments should be selected in those environments. 
C. Experimental Procedures 
The five variety hybrids that I described in Chapter III were evaluated 
in three field environments (Bruner Farm, 1975 and 1976, and Ankeny, 1976), 
with four nitrogen levels (0, 90, 180, and 270 kg N/ha) and four levels of plant 
density (39.5, 59.3, 79.0, and 98.8 thousand plants/ha) in each environment. 
Urea (46.0 % N) was the source of nitrogen I used. I grew each experiment 
in a split-split-plot arrangement with two replications. Nitrogen levels 
were main plots, plant densities were randomized within N-levels as sub­
plots, and hybrids were randomized within plant densities as sub-subplots. 
(Unless otherwise noted, hereinafter sub-subplots will be referred to as 
plots.) Plots consisted of four rows, 5.88 m long and spaced 76 cm apart. 
Main plots were separated by four 76 cm rows at the Bruner Farm, and four 
102 cm rows at Ankeny. A commercial hybrid was planted in these rows to 
provide adequate competition. A 76 cm alley separated subplots. Nitrogen 
was hand broadcast on the treated main plots the day before planting at 
Bruner Farm in 1975, and immediately after planting in the other environ­
ments. Applied nitrogen was harrowed into the soil one day after applica­
tion to minimize nitrogen losses from volatilization. Also, approximately 
90 kg/ha of P and K were plowed down during the fall preceding each experi-
ment. Experiments were hand planted on May 17, 1975 and May 11, 1976 at 
the Bruner Farm. One-fourth of the Ankeny experiment was planted on May 15 
1976 and, because of rainy conditions, the rest could not be planted until 
May 18, 1976. I over-planted each plot and subsequently thinned them to 
contain the desired plant densities. Weeds were controlled by a preplant 
application of Lasso (2.4 liters/ha) and by hand weeding during the growing 
season. 
The following data were recorded from one of the center two rows of 
each plot at Bruner Farm in 1975 and 1976: 
Flowering dates ; I recorded the dates when 50% of the plants in each 
plot attained anthesis (DPS, i.e., displayed dehiscent anthers at least 
half-way down the central tassel branch) and incipient silk extrusion (DSE) 
and these were expressed as days from July 1. Pollen-shed-to-silking 
interval (PSSI) was obtained by subtracting DPS from DSE. 
Plant traits; At maturity, ear and plant heights of five competitive 
plants per plot were measured in cm from the soil surface to the node of 
the top ear (EHT), and to the collar of the flag leaf (PHT), respectively. 
Position of top ear relative to mature plant height (EHR) was obtained by 
dividing EHT by PHT. Numbers of green leaves per plant were counted during 
grain filling for five plants in each plot. Also, I recorded total num­
bers of tassel branches (i.e., including the central tassel branch) for 
five random plants par plot. 
Leaf area; I measured length (1) and maximum width (w) of leaves sub­
tending top ears of five random plants in each plot and calculated ear-leaf 
area (ELA) by the formula (Montgomery, 1911); 
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ELA = 0.75 Iw 
Leaf area per plant (PLA) was estimated by multiplying ear-leaf area by the 
leaf-area factor, 9.39, developed for Com Belt maize genotypes by Fenrce, 
Mock and Bailey in 1975. Additionally, leaf area per plant was converted 
to leaf area index (i.e. LAI = PLA x number of plants per unit of land 
area). 
Leaf orientation values (LOV); During grain filling, measurements 
necessary to calculate leaf orientation values were taken on five plants per 
plot. Values for the leaf above (ALOV) and below (BLOV) the top ear were 
calculated by the formula (Pepper, 1974): 
n 
LOV = z A(Ljp/L^)/n 
i=l 
where A = leaf angle (degrees from horizontal) at point of attachment of 
leaf blade to plant stem, L^^ = length (cm) of each leaf from the point of 
attachment to the point where it became parallel to the soil surface or 
"flagged" (i.e., "flagging point"), L^ = total length (cm) of each leaf, 
and n = number of leaves measured per plot (i.e., 5). 
Lodging: Because of a heavy rainstorm that occurred early in Septem­
ber of 1975, it was impossible to effectively distinguish between root and 
stalk lodging. Therefore, number of plants in a plot that were leaning 
more than 45° from the vertical (visual rating), and (or) that were broken 
below the ear node was recorded in mid-September each year. This number 
was expressed as percentage of total plants per plot and served as an esti­
mate of lodging. 
44 
Dry-matter productivity; At approximately black-layer formation in 
1975, six competitive plants from one of the center rows of each plot were 
cut near the soil surface, dried to constant moisture in a commercial grain 
drier, and weighed. In 1976, the six-plant sample was chopped into small 
pieces with a portable mechanical chopper (Diadem Brush Chopper, Model 316, 
Vandermolen, Corp., Livingston, New Jersey), dried to constant moisture in 
a forced-air drier, and weighed. Weights were divided by number of har­
vested plants per plot to give dry matter per plant (DMPP), and was ex­
pressed in g. Total dry-matter productivity (TDM) was determined by multi­
plying DMPP by number of plants per plot, and dividing by plot land area 
2 (i.e., 4.645 m ), and converting to metric tons per hectare (mt/ha). 
Grain yield and grain yield components; Ears (including dropped ears) 
were hand harvested from all plants (except those in the two end hills) in 
the other center row, dried, and visually rated for percentage of cob 
covered with grain. Ears having less than 25% of their cobs covered with 
kernels were considered barren and discarded. The remaining ears \:ers 
counted as harvestable ears. Number of harvestable ears was multiplied by 
100 and divided by number of plants per plot (minus end hill plants) to 
give number of ears per 100 plants. Also, number of kernel rows (KEN), ear 
length (EL), ear diameter (ED),and cob diameter (CD) were recorded for five ' 
randomly selected ears per plot. Kernel depth (KD) was obtained by sub­
tracting CD from ED, Harvestable ears per plot were shelled and weighed. 
Sample weights were divided by number of plants per plot to estimate aver­
age grain yield per plant (GRPP), and by plot land area to estimate total 
grain yield per land area (GYH). Total grain yield was converted to quin­
tals per hectare. A 300-kemel sample was saved from each plot and weighed 
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(KWT). Also, a small sample of kernels from at least five competitive 
plants from other rows in a plot were composited for grain moisture deter­
mination. Moisture percentage was determined with a Steinlite moisture 
tester in 1975, and with an electronic Moisture Tester (Dickey John) for 
the two experiments in 1976. Data for grain yield and grain—yield compo­
nents were obtained from all three experiments. 
Other parameters generated from these data were: 
1. Grain yield per unit leaf area (GRPLÂ): 
GRPLA = (GRPP/PLA) x 100 
2. Dry matter per unit leaf area (DMPLA): 
DMPLA = (DMPP/PLA) x 100 
3. Harvest index (HI) which is the proportion of economic yield 
to total productivity: 
HI = (GRPP/DMPP) X 100 
D. Statistical Analyses 
1. Analysis of variance 
All environments in my study were considered random, and data were 
combined across all environments without partitioning out years and loca­
tions. Considering locations and years as random environments simplified 
the combined analysis of variance because there was one location in 1975 
and two in 1976. The following model was used in the combined analysis of 
variance: 
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?ijklm = " + El + Rj + G;. + + «1 + (EI»il 
+ (•®)kl + + °ijkl + =m+ <®«lm »«=)km 
+ (K)i„ + (ESG)^ + (EDG)IJ  ^+ (roG)^ „ 
+ (™)ikl. + ^ Ukta 
where ^ijklm ~ observed value of the ijklm'"^ plot 
u = overall experiment mean 
= effect of the environment; i = 1, 2, 3 (grain 
yield and grain-yield components) and i = 1, 2 
(other traits) 
Rj = effect of the replication; j = 1, 2 
= main plot error (error a) 
= effect of the nitrogen level, k = 0, 1, 2, 3 
(E^)ik ~ interaction effects of the i*"^ environment with the 
k*"^ nitrogen level 
= subplot error (error b) 
= effect of the 1*"" plant-density level; 1 = 1, ... , 4 
(ED)^^ = interaction effects of the i^^ environment with the 
1*"^ density level 
(ND)j^j^ = interaction effects of the k^^ nitrogen level with 
the 1^^ density level 
( E N D ) =  i n t e r a c t i o n  e f f e c t s  o f  t h e  i ^ ^  e n v i r o n m e n t  a n d  t h e  
k^^ nitrogen level with the 1*"^ density level 
= sub-subplot error (error c) 
= effect of the m*"^ genotype; m = 1, 2 5 
(EG)i^ = interaction effects of the i^^ environment with the 
_th 
® genotype 
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(NG)kuj = interaction effects of the nitrogen level with 
the genotype 
(DG), = interaction effects of the l'^ density level with the 
Im 
th 
m genotype 
(ENG)^j^ = interaction effects of the i^^ environment and the k^h 
nitrogen level with the m'^ genotype 
(EDG),, = interaction effects of the i'^ environment and the ilin 
1^^ density level with the m'^ genotype 
(NDG)j^^ = interaction effects of the k'^ nitrogen level and the 
1*"^ density level with the m*"^ genotype 
(ENDG)^jj^^ = interaction effects of the i'^ environment, the k*"*^ 
nitrogen level, and the 1^^ density level with the 
th 
m genotype 
^ijklm ~ residual error (error d) 
Sources of variation, degrees of freedom, and expected mean squares for the 
combined analysis of variance are presented in Table 2. Differences be­
tween means for main effects and interaction effects that showed signifi­
cant F-tests were tested by appropriate LSD's (Snedecor and Cochran, 1967). 
2. Regression analyses and response surfaces 
The relationship between cycles of selection and grain-yield perfor­
mance was investigated for population crosses from the reciprocal recurrent 
selection program. This relationship could not be quantified for the half-
sib program because of Inadequate degrees of freedom. Estimates of regres­
sion coefficients for a linear model were obtained to determine the relative 
Table 2. Sources of variation, degree:; of freedom (df) and expected mean squares for combined 
analysis of variance for traits evaluated in nitrogen-plant density experiments 
Degrees of freedom 
Yield and 
yield Other 
Source components traits Expected mean squares 
Environments (E) 
Replications 
Error a 
Nitrogen (N) 
N X E 
Error b 
Densities (D) 
D X E 
D X N 
D X N s C 
Error c 
e-1 
r-1 
(r-1)(e-1) 
n-1 
(e-l)(n-l) 
e(r-l)(n-l) 
d-1 
(e-l)(d-l) 
(n-d)(d-1) 
(n-1)(d-1)(e-1) 
en(r-l)(d-1) 
2 
1 
2 
3 
6 
9 
3 
6 
9 
18 
36 
1 
1 
1 
3 
3 
6 
3 
3 
9 
9 
24 
? 2 2 
Gj + ndgCT + rndgOg 
2 2 
+ ndga 
"d + ' "EUDG 
+ r 3:1 "LDG + dTÎ 
2 d 2 
' d-1 *ENDG 
^Environments were random; nitrogen, density, and genotypes were fixed. 
Table 2. (Continued) 
Source 
Degrees of freedom 
Yield and 
yield 
components 
Other 
traits Expected mean squares 
Genotypes (G) g-1 4 4 
G X E (e-1)(g-1) 8 4 
G X N (n-l)(g-l) 12 12 
G X D (d-l)(g-l) 12 12 
G X E X N (e-1)(n-l)(g-l) 24 12 
G X E X D (e-1)(d-1)(g-1) 24 36 
G X N X D (e-l)(d.l)(g-l) 36 36 
G X E X N X D (e-1)(n-l)(d-l)(g-l) 72 36 
Error d end(r-l)(g-1) 192 128 
i  ^ W °endg •*" g-1 
of + r _S_ of + fXPP) 
d ^ g-1 ENDG (g-l)(d-l) 
^ ^ i?r ^ ENDG 
Total 479 319 
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rate of gain per cycle of selection. The linear regression model I used 
was: ^ 
Yy = m + + ey 
where 
^ th 
= predicted mean yield of the 1 population cross 
(Cq X Cq, Cg X Cg, Cj X Cy) in the cycle of se­
lection (j =0, 5, 7) 
m = predicted value for the x CQ cross 
= linear regression coefficient 
Cj = the cycle of selection 
e^^ = deviation from regression 
The model was fitted to hybrid means obtained across and within environ­
ments . 
Similarly, estimates of regression coefficients for linear and quad­
ratic models were obtained for grain yield to determine the relative rate 
of change at each level of nitrogen and plant density. Again, the two mod­
els were fitted to hybrid means across and within environments. The linear 
model was: 
Yij = m^ + b^X^j + e^j 
and the quadratic modal was: 
= -i + "Aj + 
where 
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A 1^* 
= predicted mean yield at the j level of the i 
effect 
= predicted yield at the zero level of the i'^ effect 
(nitrogen or plant density) 
= linear regression coefficient 
bq = quadratic regression coefficient 
level of the i*"^ effect; j = 0, 1, 2, 3 for nitro­
gen and j =1, 2, 3, 4 for plant density 
= square of the level of the i^^ effect 
= deviation from regression 
Additionally, observed yield values were fitted to a multiple-regres­
sion model to develop response surfaces for the following situations: 
1) grain yield averaged across all environments and hybrids, 2) mean 
yield across all hybrids within environments, 3) mean yields of each hybrid 
across environments, and 4) mean yields of each hybrid within environments. 
The multiple regression model I used was: 
Y = bo + biN + bgD + b^CN^) + b^(D^) + bg(ND) 
where 
Y = predicted grain yield 
bg = predicted overall mean (intercept) 
b, c = multiple regression coefficients 
* # f J  
N = amounts of nitrogen (in q/ha) 
2 
N = amounts of nitrogen squared 
D = plant density (in thousands of plants/ha) 
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2 
D = plant density squared 
ND = interaction effects for nitrogen and plant density 
3. Stability analysis 
Eberhart and Russell (1966) presented a method for comparing crop 
genotypes for stability of performance over a series of environments. For 
each entry, stability can be described by three parameters that are defined 
in the following model: 
Y ij = + Gilj + Gij 
where 
Y^j = mean of the i^^ entry at the environment; 
i = 1, 2, ... v; j = 1, 2, ... n 
= mean of the i*"^ entry across all environments 
3^ = regression coefficient that measures the response of 
the i^^ entry to varying environments 
= deviation from regression of the i*'^ entry at the 
environment 
Ij = environmental index obtained as the mean of all en­
tries at the environment minus the grand mean» 
i.e., 
[ I .  = ( 2 Y /v) - ( E n. /vn)J , 2 1 = 0  . 
3 i i j ^  j J 
I performed stability analyses of the yield performance data of each hybrid 
in the following "environments": 
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1) 12 "environments" comprised of nitrogen x environment interactions 
(NE environments), 
2) 12 "environments" comprised of density x environment interactions 
(DE environments), 
3) 16 "environments" comprised of nitrogen x density interactions 
(ND environments), and 
4) 48 "environments" comprised of nitrogen x density x environment 
interactions (NDE environments). 
The grain yield data were reanalysed as randomized complete blocks for 
each of the above situations. Appropriate variances and degrees of freedom 
necessary for stability analysis were extracted from these analyses. Also, 
the coefficient of linear regression of mean yield on environmental indices 
(b^) was compared with b = 1.0 at the 0.05 level of probability of the 
t-distribution (Eberhart and Russell, 1966). 
E. Results and Discussion 
1. Direct response to recurrent selection 
Reciprocal recurrent selection (RRS) has been effective in improving 
grain yield of the population cross of BSSS(R) x BSCBl(R). Gains in grain 
yield (across environments, nitrogen levels, and plant densities) was 
linear and was 2.06 q/ha (i.e., 5.21%) per cycle (Figure 1). Estimated 
gain for seven cycles of selection in this program (14.42 q/ha) was similar 
to the observed mean difference in yield between x and x (14.89 
q/ha) of the populations (Table 3). Rates of gain for x CQ to x Cg 
in this program was estimated as 2.73 q/ha (or 4.73%) per cycle, and the 
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Table 3. Mean grain yields of five maize variety hybrids in three 
environments 
Grain Yield (q/ha)^ 
HYBRID Bruner Farm 
1975 
Bruner Farm 
1976 
Ankeny 
1976 
X Hybrid 
BSSS(R) X BSCBl(R) 
33.51 34.37 50.73 39.53 
C5 X C3 39.17 43.30 62.71 48.39 
c7 X 45.35 47.26 70.69 54.43 
BS12 X B14A 
S 29.87 30.19 52.12 37.39 
^6 41.41 46.22 64.94 50.86 
X Environment 37.86 40.27 60.24 
^LSD for environments = 10.93, for hybrids = 2.27, and tor 
hybrids x environments = NS. 
Figure 1. Regression of yield of BS!>S(R) x BSCBl(R) on cycles of selection. Plotted points are 
observed yields 
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observed yield difference between x and x was 12.70 q/ha 
(Eberhart et al., 1973). Results obtained in my studies, therefore, showed 
that further progress from selection was made from x to x of 
2 the RRS program. The high R value (0.98) associated with linear regres­
sion of grain yield on population crosses in my studies suggested that 
cycles of selection accounted for most of the difference in grain yield of 
BSSS(R) X BSCBl(R). 
Similarly, observed increase in grain yield for the variety hybrid of 
BS12 was 2.25 q/ha (or 6.00%) per cycle (Figure 2), and total gain of 
relative to was 13.47 q/ha (Table 3). Russell etal. (1973) observed a 
rate of gain of 2.94 q/ha (or 4.21%) per cycle for the first five cycles of 
this half-sib (HS) selection program. 
Gains in grain yield within evaluation environments for the two pro­
grams are shown in Figures 3 and 4. Clearly, Ankeny (with an overall mean 
yield of 60.24 q/ha) was the best of the three environments (Table 3). 
Ankeny received higher amounts of rainfall than the other environments; 
therefore, the reduced yield performance at the Bruner Farm compared with 
Ankeny was anticipated. 
Response of the population cross of BSSS(R) and BSCBl(R) to RSS within 
nitrogen levels (Figure 5) and within plant densities (Figure 6) was linear, 
2 
with R values generally greater than 0.90. Highest rates of gain (7.49% 
per cycle) for nitrogen levels occurred at 0 kg N/ha (Table 4),and rates of 
gain at 180 and 270 kg N/ha were similar (Table 4 and Figure 5). Rates of 
gain for grain yield demonstrated an increasing trend from 39,500 to 98,800 
plants/ha (Table 5). Furthermore, Bruner Farm, 1976 (which received less 
than 20mm of moisture between anthesis and physiological maturity, and 
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Figure 3. Regression of yield of BSSS(R) x BSCBl(R) in three 
environments on cycles of selection. Plotted points 
are observed yields 
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Table 4. Nitrogen x environment interaction for observed and estimated rates of gain after seven 
cycles of reciprocal recurrent selection for grain yield in BSSS and BSCBl 
Gain per cycle 
Bruner Farm 1975 Bruner Farm 1976 Ankeny 1976 X Nitrogen 
Kg N/ha q/ha % CQ q/ha % CQ q/ha % CQ R^ q/ha % R^ 
0 Estimated 
Observed 
1.30 
1.26 
6.70 
6.52 
.982 1.64 
1.59 
9.43 
9.27 
.982 2.70 
2.83 
6.44 
6.65 
.966 1.88 
1.89 
7.15 
7.49 
1.00 
90 Estimated 
Observed 
0.84 
1.10 
2.59 
3.27 
.404 2.74 
2.71 
7.67 
7.62 
.997 3.10 
3.14 
6.01 
6.07 
.998 2.23 
2.31 
5.59 
5.65 
.977 
180 Estimated 
Observed 
1.83 
1.81 
4.60 
4.57 
.996 1.40 
1.49 
3.43 
3.61 
.941 2.91 
3.20 
5.36 
5.75 
.863 2.05 
2.17 
4.56 
4.76 
.951 
270 Estimated 
Observed 
2.35 
2.59 
5.83 
6.25 
.847 1.54 
1.58 
3.55 
3.63 
.985 2.34 
2.25 
4.37 
4.23 
.972 2.08 
2.14 
4.55 
4.65 
.984 
Environment Estimated 
Observed 
1.58 
1.69 
4.80 
5.05 
.929 1.83 
1.84 
5.33 
5.36 
.999 2.76 
2.85 
5.48 
5.62 
.984 
Table 5. Density x environment interaction for observed and estimated rates of gain after seven 
cycles of reciprocal recurrent selection for grain yield in BSSS and BSCBl 
Gain per cycle 
39,500 
59,300 
79,000 
98,800 
Bruner Farm 1975 Bruner Farm 1976 Ankeny 1976 X Nitrogen 
PLANTS/ha q/ha % CQ q/ha % CQ q/ha % GQ R^ q/ha % CQ R^ 
Estimated 1. 48 3. 83 
Observed 1. 51 3. 90 
Estimated 1. 56 4. 41 
Observed 1. 88 5. 09 
Estimated 2. 25 7. 93 
Observed 2. 40 8. 26 
Estimated 1. 04 3. 51 
Observed 0. 94 3. 31 
1.35 2.95 
1.00 2.65 
0.90 2.29 
2.35 8.02 
2.36 8.05 
2.74 11.86 
2.75 11.88 
1.46 
1.47 
2.35 
2.37 
.999 1.39 
1.44 
2.86 
2.95 
.976 
2.74 
1.93 
5.09 
4.41 
.856 1.76 
1.93 
4.09 
4.41 
.873 
3.23 
3.23 
7.14 
7.14 
1.00 2.61 
2.67 
7.61 
7.71 
.993 
3.63 
3.69 
9.06 
9.14 
.996 2.47 
2.47 
7.98 
7.99 
1.00 
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consequently, was the most stressed of the three environments) produced 
relatively larger gains at 0 kg N/ha (9.43% per cycle) and at 98,800 
plants/ha (11.86% per cycle) than the other evaluation environments in my 
study (Table 5). Additionally, results of nitrogen x density interactions 
showed that highest gains (16.37% per cycle) occurred at 0 kg N/ha and 
98,800 plants/ha (Table 6). Evidently, advantages of Cy x Cy over CQ X CQ 
of BSSS(R) and BSCBl(R) were more pronounced as the environment became more 
stressed. Similar results were observed for the HS program (Appendix 
Tables 1 and 2). Generally, progress from recurrent selection .is evalu­
ated in several environments. Results of my studies suggest that two or 
more levels of nitrogen and plant density also should be included in each 
evaluation environment for recurrent selection programs. Also, my results 
demonstrated that superior maize genotypes that were selected under rela­
tively high plant densities and high nitrogen levels out-yielded those se­
lected under low levels of these environmental factors, especially when 
both types of genotypes were evaluated under low nitrogen, high plant-
density conditions. 
2. Response surfaces for grain yield 
Grain yield performance of the maize genotypes in my studies (aver­
aged across environments, plant densities, and entries) showed a curvi­
linear positive response to nitrogen levels, and attained optimum yields 
at 180 kg N/ha (Figure 7). Highly significant differences for grain yield 
between nitrogen levels were observed, but all interaction terms involving 
nitrogen were not significant (Table 7). Therefore, regardless of envi» 
ronment and plant density, the maize hybrids in my study are likely to 
Table 6. Nitrogen x density interaction for observed and estimated rates of gain after seven 
cycles of reciprocal recurrent selection for grain yield in BSSS and BSCBl-
Gain per cycle 
39.500* 59.300 79.000 98.800 
,2 „ „ „ „2 Kg N/ha q/ha % R q/ha % R q/ha % CQ R q/ha % CQ R 
0 Estimated 
Observed 
1.61 
1.80 
4.52 
4.931 
.813 1.26 
1.27 
4.06 
4.09 
.998 2.08 
1.90 
9.14 
8.68 
.894 2.58 
2.59 
16.37 
16.40 
1.00 
90 Estimated 
Observed 
1.94 
2.08 
3.87 
4.10 
.916 2.21 
2.38 
5.40 
5.70 
.920 2.69 
2.80 
7.97 
8.18 
.969 2.08 
1.99 
5.99 
5.80 
.973 
180 Estimated 
Observed 
1.12 
1.07 
2.25 
2.17 
.975 2.00 
2.15 
4.01 
4.25 
.918 3.10 
3.45 
7.72 
8.26 
.829 1.98 
1.99 
4.93 
4.96 
1.00 
270 Estimated 
Observed 
0.89 
0.82 
1.51 
1.3Î) 
.894 1.59 
1.93 
3.17 
3.74 
.566 2.58 
2.51 
6.36 
6.23 
.988 3.24 
3.30 
9.78 
9.89 
.994 
*Plants/ha. 
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Figure 7. Predicted response of grain yield for five maize variety 
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Table 7. Mean squares from combined analyses of variance for grain yield 
and grain-yield components for five maize variety hybrids grown 
in nitrogen-plant-density experiments 
Grain yield Grain yield 
Source DF (q/ha) (g/plant) 
Environment (E) 2 24134.10 67275.55* 
Replications 1 340.71 3485.71 
Error a 2 516.47*.. 
11533.15 
929.78*** 
Nitrogen (N) 3 34699.02 
N X E 6 916.18 4021.07 
Error b 9 486.07*** 
6437.20 
1122.32*** 
276859.84*** Density (D) 3 
D X E 6 146.97 3257.35* 
D X N 9 111.13 1179.66** 
1120.29 D X N X E 18 122.16 
Error c 36 109-75*** 
5188.66 
416.80*** 
14261.08 Genotype (G) 4 
G X E 8 112.65 312.49 
G X N 12 91.80** 
176.15 
358.44* 
G X D 12 622,96 
G X E X N 24 94.43 329.68 
G X E X D 24 74.56 230.61 
G X N X D 36 91.59 412.64 
G X E X N X D 72 49.13 231.36 
Error d 192 63.69 284.26 
Total 497 353.76 2807.91 
C.V.% 17.30 19.71 
***** ***Significant F-tcsts at 0.05, 0.01, and 0.001 
levels of probability, respectively. 
69 
No. of ears Ear length Ear diameter Cob diameter 
per 100 plants (cm) (cm) (cm) 
2006.61 196.46 4.33* 1.40* 
13.07 22.62 0.26 0.01 
260.69** 
2001.31 
356.60 18.31 0.26 0.08 
230.02*** 
30298.50 595:09:::* 
7.91 * 93.96 0.05 0.03 
252.86 2.22* 0.04 0.02 
171.71 3.49 0.05 0.03 
134.10*** 
5556.46 
1.78*** 
138.28 
195.73 2.23. 0.03 0.01 
140.37* 2.90* 0.03 0.02 
241,40 2.96 0.01 0.02 
74.55 1.42 0.04 0.03 
132.47 1.83 0.03 0.02 
162.40 1.17 0.04 0.03 
148.25 2.01* 0.03 0.02 
124.46 1.47 0.03 0.02 
397.02 9.35 0.12 0.05 
14.88 7.25 4.32 5.82 
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Table 7. (Continued) 
mel depth Kernel row Kernel weight % Kernel 
(cm) No. (g/300 kernels) moisture 
1.86 92.51* 7511.16** 3317.23* 
0.39 1.50 196.86 3.81 
4'45** 10.26 172.25*** 
323.84*** 60.50 98.27 
0.06 9.25 184.07 31.21 
93.15*** 
3443.56* 
18.15 
0.96 
0.07 3.86 97.12* 10.36 
0.03 1.24 84.43 5.92 
0.03 1.44 35.83 8.76 
S::- 25:12*** 
61.89 
9.32** 
421.13** 
20.42** 0.03 1.63 
0.05 0.91 40.69 14.52 
0.02 1.07* 20.76 4.04 
0.02. 1.58 28.78 7.74 
0.05 1.20 38.08 7.60 
0.03 1.15 16.90 7.93 
0.02 
o.ll** 
21.56 7.62 
0.03 22.85 7.12 
0.05 2.81 128.37 28.30 
9.25 6.10 6.46 12.09 
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display curvilinear responses to nitrogen fertilizer levels. Contrary to 
expectation, yield differences between 90, 180, and 270 kg N/ha were not 
significant (Table 8). Consequently, it would be uneconomical to grow 
these five hybrids at nitrogen levels higher than 90 kg/ha. I wish to 
caution, however, that variety hybrids are highly heterogeneous, and that 
they were evaluated under relatively high plant densities in moisture-
stressed environments. Performance under more favorable conditions may 
be different from that observed in my study. 
Response of individual hybrids to nitrogen (Figures 8 and 9) suggest­
ed that within each nitrogen level the improved populations demonstrated 
greater abilities to utilize nitrogen efficiently than did the original 
populations. BSSS(R)C^ x BSCBl(R)Cy produced from 32.94% (at 270 kg N/ha) 
to 50.28% (at 0 kg N/ha) more grain than BSSS(R)CQ X BSCB1(R)CQ. Similar­
ly, BS12Cg produced from 32.96 to 44.23% more grain than BS12CQ. Amounts 
of grain produced per unit of applied nitrogen, however, showed no advan­
tages for C, X C^ over C^ x C„ of the RRS program at nitrogen rates 
greater than 90 kg/ha (Table 9). Relative to BS12CQ, BS12Cg seemed to 
demonstrate greater ability to utilize nitrogen efficiently at all levels 
(Table 9). Rates of grain-yield response to nitrogen (b-values) obtained 
across environments and plant densities for each hybrid (Table 10) indi­
cated that the advantages of improved over unimproved hybrids occurred 
only at low levels of nitrogen (i.e., 0 kg N/ha). Except for bg, fa-
values (± one standard error) associated with improved hybrids and their 
unimproved counterparts overlapped, indicating that hybrids essentially 
showed similar rates of increased grain productivity with increased ni­
trogen. Perhaps, the improved hybrids were not more efficient in utili-
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Table 8. Influence of nitrogen and plant density on mean grain yields of 
five maize variety hybrids 
Grain yield (q/ha) 
Ke N/ha 39,500® 59,300 79.000 98,800 X Nitrogen 
0 42. 02 33. ,60 28. ,41 22. ,95 31. 74 
90 58. ,21 51. ,86 42. ,14 40. ,26 48. 12 
180 57. 07 56, .32 48, .64 44, .44 51. 61 
270 60. 63 55. 99 51, .60 43. 80 53. 01 
— b 
X Density 54. 48 49. 44 42, .70 37, .86 
^Plants/ha . 
\su Qg for nitrogen = 6.44, for density = 2.74, and for nitrogen 
X density = NS. 
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Figure 8. Observed responses for variety hybrids of BSSS(R) x 
BSCBl(R) to nitrogen rates 
74 
6 5  
CTJ 5 5  
-a 
-  4 5  
0 
c 
z  3 5  
CD 
2 5  
/% 
B S I 2  X B I 4 A  
9 
1 
0 9 0  I  8 0  270 
N  i  t r o g e n  ( k g / h a )  
Figure 9. Observed responses for variety hybrids of BS12 to 
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Table 9. Grain yield produced by five maize variety hybrids per unit of 
applied nitrogen 
Kg grain/Kg N 
Kg N/ha 
BSSS(R) X BSCBl(R) BS12 X B14A 
^0 * ^ 0 C5 ^  S S ^ S S S 
0 - 9 0  15.5 15.7 18.1 17.1 23.9 
90 - 180 5.8 4.1 4.6 1.8 3.1 
180 - 270 0.6 1.9 0.4 0.1 4.7 
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Table 10. Regression parameters for the influence of nitrogen on grain 
yield of five maize variety hybrids 
Regression parameters^ 
HYBRID bg b^N bgCwf) R^ 
BSSS(R) X BSCBl(R) 
Cq X CQ 26.53 ± 0.89 18.33 ± 1.59 -4.14 ± 0.56 0.997 
Cg X 35.98 ± 1.85 17.22 ± 3.30 -3.82 ± 1.17 0.985 
X 40.02 ± 1.95 21.41 ± 3-48 -5.11 ± 1.24 0.987 
BS12 X B14A 
Cq 25.61 ± 2.67 18.65 ± 4.77 -4.73 ± 1.69 0.964 
Cg 33.27 ± 4.37 24.21 ± 7.81 -5.33 ± 2.77 0.959 
Hybrids combined 32.28 ± 2.35 19.98 ± 4.18 -4.63 ± 1.49 0.980 
^All b-values for the linear and quadratic responses were not 
significantly different frcsn zero st 0.05 level of probability^ but 
values for bg and r2 were. 
77 
zing nitrogen than their unimproved counterparts when the supply of ni­
trogen was adequate. Note, however, that these results could have been 
confounded by environments and plant densities. 
Contrary to the response to nitrogen levels, overall yields of the 
hybrids in my study showed a negative linear response to plant density 
(Figure 10). Observed and predicted values showed a close agreement, 
2 
and (as indicated by the high R value) addition of a quadratic term did 
not improve the linear model. Also, yield differences between plant 
densities were highly significant (Table 7). It can be concluded, there­
fore, that the genotypes in my study were intolerant to high plant den­
sities. Highly significant genotype x density Interaction effects, for 
grain yield (Table 7), however, suggested that some of the variety hy­
brids demonstrated greater ability to tolerate high plant densities than 
others. Relative to the unimproved hybrids, the improved hybrids dis­
played greater ability to produce more grain at all plant densities 
(Figures 11 and 12). Also, rates of decrease in grain yield with in­
creased plant density were lower for x and Cy x Cy than for CQ X CQ 
of the RRS program (Table 11). Although BS12CQ showed a lower rate of 
decrease for grain yield with increased plant density than did BS12Cg 
(Table 11), data obtained for grain yield indicated that BS12Cg was more 
tolerant to intermediate plant densities (59,300 plants/ha) than BS12CQ 
(Figure 12). As I discussed previously, lines that were intermated to 
produce BSSS(R)Cy, BSCBl(R)Cy, and BSl2Cg were selected under relatively 
higher plant densities than those that were intermated to produce CQ 
populations. My results, therefore, indicated that selection of maize 
genotypes for performance at high plant densities should be practiced 
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Table 11. Regression parameters for the Influence of plant density on 
grain yield of five maize variety hybrids 
Regression parameters^ 
HYBRID b^ b^^D b^(D) 
BSSS(R) X BSCBl(R) 
Cq X Cq 61.59 ± 2.68 -0.319 ± 0.04 0.000 0.974 
Cg X Cg 61.27 ± 1.69 -0.186 ± 0.02 0.000 0.970 
X Cy 67.15 ± 1.95 -0.184 ± 0.03 0.000 0.959 
BS12 X B14A 
Cq 61.43 ± 0.95 -0.348 ± 0.13 0.000 0.997 
78.21 ± 3.26 -0.396 ± 0.05 0.000 0.975 
Hybrids Combined 65.93 ± 0.96 -0.286 ± 0.13 0.000 0.996 
a 2 
All b-vslues for b^ and the linear response» and R values 
were significantly different from zero at 0.05 level of probability. 
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under high plant-density conditions. Results from studies by Russell 
(1969, 1974) and Duvick (1976) produced similar conclusions. Further­
more, the results of my studies demonstrated that maize genotypes se­
lected under high plant densities were superior to genotypes selected 
at low plant densities when both types of genotypes were evaluated at 
low and high plant densities. 
Multiple regression models involving linear, quadratic, and inter­
action terms were used to predict the response of grain yield to nitro­
gen and plant density. The high correlation of observed and predicted 
grain yields (Figure 13) Indicated that the second degree polynomial 
was adequate for ny data. Note, however, that polynomials are unreli­
able when extrapolated outside the range of levels for factors covered 
by the experiment (Cochran and Cox, 1957). Consequently, my results 
will be interpreted only for the ranges of nitrogen and plant density 
that I studied. Predictions about responses to other levels of these 
factors should be verified by experimentation. Furthermore, several 
statisticians (Steel and Torrie, 1960; Snedecor and Cochran, 1967) 
have shown that the b-value for an independent variable, X, in a multi­
ple regression model is an unbiased estimate of the regression of the 
dependent variable, Y, on X for fixed values of the other Independent 
variables in the model. In effect, the b-values are partial regressions 
of Y on X. 
Across hybrids, the relationship between grain yield and nitrogen 
was curvilinear (Figure 14). with highly significant linear b-values 
within and across environments (Table 12). Bruner Farm, 1976, demon­
strated the highest linear response to nitrogen; probably, a consequence 
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Table 12. Multiple regression parameters for the influence of nitrogen 
and plant density on grain yield of five maize variety hybrids 
grown in three environments 
Regression Parameters 
bg b^N b^D bgCN^) b^(D^) b^(ND) 
** 
Bruner Farm, 1975 39. 05 17.002 -0. 282 -2. 235 0. 001 -0. 014 0. 922 
Bruner Farm, 1976 57. 26 
** 
24.888 -0. 660 -6. 829** 0. 002 0. 021 0. 873 
Ankeny, 1976 68. 05 13.279** -0. 065 -4. 814** -0. 003 0. 062+ 0. 958 
Environments 
18.390** 626** Combined 54. 79 -0. 336 -4. 0. 0000 0. 023 0. 970 
* significant at 0.10 and 0.01 levels by probability, respectively. 
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of the severe moisture stress that occurred in this environment. Probably 
because moisture was limiting,absorption of nitrogen by plants was reduced; 
therefore, each additional unit of nitrogen absorbed by the plant resulted 
in higher rates of gain in yield. Conversely, Ankeny (which received the 
highest amounts of moisture) had the lowest rate of linear response to ni­
trogen probably because sufficient nitrogen was available to the plants. 
Differences between environments for rates of linear response to nitrogen 
also may be attributable to residual levels of nitrogen in each environ­
ment. Although residual levels of soil nitrogen were not determined for 
these environments, comparisons of mean yields at nitrogen levels within 
environments suggested that levels of residual nitrogen in Ankeny were 
much higher than in the other environments (Figure 15). Therefore, rate 
of linear response of grain yield to applied nitrogen should not be as high 
at Ankeny as at Bruner Farm (Rehm, Sorenson, and Moline, 1976). 
Addition of a quadratic term for nitrogen to the regression model re­
sulted in negative b-values that usually were highly significant (Table 
12). The quadratic term, however, did not change the linear relationship 
2 between grain yield and nitrogen at the Bruner Farm, 1975. Also the R 
value associated with Bruner Farm, 1976 was somewhat lower than those for 
other environments, indicating that addition of a cubic term might have 
improved the fit of the quadratic model for nitrogen (Figure 15). 
Within nitrogen levels, plant density did not influence yield signi­
ficantly (Table 12). Also, influence of nitrogen x density interaction on 
grain yield was negligible (Table 12). Nitrogen-plant—density combinations 
that resulted in higjhest predicted grain yields were 270 kg N/ha and 
39,500 plants/ha for Bruner Farm, 1975; 180 kg N/ha and 39,500 plants/ha 
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for Bruner Farm, 1976; and 180 kg N/ha and 39,500 plants/ha for Ankeny 
(Appendix Table 3). Maximum grain yield (61.47 q/ha) across all environ­
ments was obtained at igQ kg N/ha and 39,500 plants/ha (Figure 14). 
Each hybrid displayed a quadratic response to nitrogen for grain yield 
(Figures 16 to 20). Across environments, CQ X CQ of the RRS program 
showed higher linear and lower quadratic responses to nitrogen than Cy x Cy 
(Table 13). Contrarily, BSl2Cg responded more linearly to nitrogen than 
BS12CQ (Table 14). Within environments, b-values associated with both 
linear and quadratic responses of BS12CQ to nitrogen were usually not sig­
nificant (Table 14). These results, therefore, explain why BSl2Cg produced 
more grain per unit of nitrogen than BS12CQ, and why BSSS(R)CQ X BSCBl(R) 
and BSSS(R)Cy x BSCBl(R)Cy were approximately similar for efficiency of 
nitrogen utilization (Table 9). Four of the five hybrids displayed larg­
est linear responses to nitrogen at Bruner Farm in 1976, and smallest 
linear responses for these hybrids occurred at Ankeny (Tables 13 and 14). 
Linear responses to nitrogen for BSl2Cg x B14A, however, were high and 
similar for the three environments. Evidently, this variety hybrid pos­
sesses the ability to utilize nitrogen efficiently regardless of prevail­
ing environmental conditions. Efficiency of nitrogen utilization by the 
other four hybrids was influenced by environmental conditions. Increased 
ability to utilize nitrogen that was associated with recurrent selection 
for grain yield in BS12 could have been accomplished through an improved 
root system in the Cg relative to the CQ of this variety. This Improved 
root system would mean that 5S12Cg has the ability to absorb larger amount s 
of nitrogen than BS12CQ. In a diallei cross of four inbred lines of maize 
(WF9, A257, OhA3, and B14), Powell (1968) found that single-cross hybrids 
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Figure 17. Predicted response surface for grain yield of BSSS(R)C5 x 
BSCB1(R)C5 to combinations of nitrogen and plant density 
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Figure 18. Predicted response surface for grain yield of BSSS(R)C^ x 
BSCBl(R)Cy to combinations of nitrogen and plant density 
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Figure 19. Predicted response surface for grain yield of BS12C^ 
B14Â to combinations of nitrogen and plant density 
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Figure 20. Predicted response surface for grain yield of BS12C, 
B14A to combinations of nitrogen and plant density 
Table 13. Multiple regression parameters for the influence of nitrogen 
and plant density on grain yield of variety hybrids of BSSS(R) 
and BSCBl(R) grown in three environments 
Regression 
"o biN b2D 
RSSS(R)CQ X BSCB1(R)Cq 
Bruner Farm, 1975 36.98 19.376** -0.360 
Bruner Farm, 1976 39.25 27.273** -0.322 
Ankeny, 1976 77.34 11.666** -0.606 
Environments Combined 51.19 19.438** -0.429 
BSSS(R)C^ X BSCB1(R)C5 
Bruner Farm, 1975 51.06 16.506+ -0.683 
Bruner Farm, 1976 34.58 27.985** -0.034 
Ankeny, 1976 78.16 9.418 -0.450 
Environments Combined 54.60 17.970** -0.389 
BSSS(R)C^ X BSCBl(R)Cy 
Bruner Farm, 1975 18.12 14.319 0.648 
Bruner Farm, 1976 66.64 22.729* -0.822 
Ankeny, 1976 62.75 14.988* 0.259 
Environments Combined 49.17 17.345** 0.028 
* ' Significant at 0.10, 0.05, and 0.01 levels of probability, 
respectively. 
Parameters 
b^CD^) b^CND) R2 
-3.833* 0.001 -0.014 0.830 
-4.975 0.000 —0.064 0.910 
-3.627* 0.001 0.030 0.899 
-4.145** 0.001 -0.016 0.940 
-2.187 0.004 -0.024 0.759 
-6.074** -0.001 -0.059 0.817 
-3.208* 0.001 0.050 0.774 
-3.823** 0.002 -0.011 0.924 
-1.791 -0.007 0.032 0.812 
-7.181** 0.004 0.074 0.795 
-6.358** -0.004 0.070 0.781 
-5.110 -0.002 0.059 0.894 
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Table 14. Multiple regression parameters for the influence of nitrogen and 
plant density on grain yield of variety hybrids of BS12 grown in 
three environments 
Regression Parameters 
bp b^N bgD bgCN^) b^(D^) b^CND) 
BS12Cg X B14A 
Bruner Farm, 1975 41. 43 10. 352+ -0. 480 -1. 194 0. 002 0. 013 0. 883 
Bruner Farm, 1976 71. 60 20. 743+ -1. 074 —8. 615 0. 004 0. 090 0. 782 
Ankeny, 1976 75. 01 4. 721 -0. 265 -4. 372 -0. 003 0. 189 0. 729 
Environments 
Combined 62. 68 11. 939* -0. 606 -4. 727** 0. 001 0. 097+ 0. 900 
BS12C^ X B14A 
Bruner Farm, 1975 47. 68 24. 457** -0. 536 -2. 171 0. 002 -0. 079 0. 939 
Bruner Farm. 1976 74. 24 25. 711+ -1. 047 -7. 297* 0. 005 0. 063 0. 745 
Ankeny, 1976 47. 00 25. 601** 0. 739 -6. 507** -0. 009* -0. 029 0. 938 
Environments 
Combined 56. 30 25. 256** -0. 282 -5. 325** -0. 001 -0. 015 0. 936 
' significant at 0.10, 0.05 and 0.01 levels of probability, 
respectively. 
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involving Bl4 out-yielded other hybrids at all fertility levels and all en­
vironments he studied. Yield advantages for hybrids having B14 as one 
parent were especially evident at medium-(450 kg N, 170 kg P, and 340 kg 
K per hectare) and high-(1350 kg N, 504 kg P, and 1008 Kg K per hectare) 
fertility levels. Powell's results suggested that inbred B14 was highly re­
sponsive to nitrogen. If BS12 per se responds poorly to nitrogen and if 
ability to respond to nitrogen is characterized by additive gene effects, 
one could hypothesize that major, favorable alleles from Bl4 (hereinafter 
designated alleles) have selected similar,favorable alleles In BS12 as 
recurrent selection progressed. Penny et al. (1962) reported that BS12 was 
highly heterogeneous. Presumably, genotypes that were responsive to high-
fertility levels were selected and recomblned during each cycle of selection 
in BS12. Consequently, BS12Cg x B14A possessed a higher frequency of 
alleles than BS12CQ X B14A. Because BS12CQ possessed a higher frequency of 
less favorable alleles (hereinafter designated n^. alleles) than alleles, 
it responds poorly to nitrogen. Probably, the slight response of BS12C^ x 
B14A to nitrogen resulted largely from the additive effect produced by 
alleles from B14A in combination with the few alleles from BS12CQ. In 
other words, BS12CQ X B14A did not possess the ability to respond to nitro­
gen because frequency of n^nj and N^n^ was higher than that of N^N^. (Note 
that effects of would be larger than which. In turn,would be 
larger than Similarly, one could hypothesize that both BSSS and 
BSCBl possessed lower frequencies of alleles relative ton^ alleles. 
Probably, BSSS and BSCBl are not as heterogeneous as BS12 because they are 
synthetic populations containing only 16 and 12 lines, respectively (Penny 
and Eberhart, 1971). Consequently, the probability of selecting lines with 
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high frequencies of alleles in these populations would be lower than in 
BS12. Also, because these populations were reciprocal testers, selection 
of alleles has been at a slow rate. Consequently, BSSS(R)Cy x BSCBl(R) 
Cy has been improved to be more efficient than BSSS(R)C^ x BSCB1(R)CQ only 
at low levels of nitrogen (Table 9). 
Generally, the linear term for plant density contributed negatively to 
grain yield for each hybrid within and across environments (Tables 13 and 
14). Both linear and quadratic terms for density and the nitrogen x densi­
ty interaction term, however, were not significant and relatively small com­
pared to these terms for the nitrogen factor. Also, magnitudes of the b-
values associated with the quadratic term for nitrogen, usually, were smal­
ler than the linear b-values. It can be concluded, therefore, that plant 
density did not influence grain yield of these five hybrids as much as ni­
trogen, and that the response to nitrogen,primarily, was linear. 
Optimum nitrogen-plant-density combinations (per hectare) for obtain­
ing highest grain yield of the hybrids were 270 kg N and 39,500 plants for 
BSSS(R)CQ X BSCB1(R)CQ and BSSS(R)Cg x BSCBl(R)C^ (Figures 16 and 17, re­
spectively); 180 kg N and 39,500 plants for BSSS(R)Cy x BSCBl(R)Cy and 
BS12CQ X B14A (Figures 18 and 19, respectively); and 270 kg N and 39,500 
plants for BSl2Cg x B14A (Figure 20). Evidently, application of high rates 
of nitrogen did not improve the ability of these hybrids to tolerate high 
plant densities. This inference, however, does not preclude the possibili­
ty of obtaining genotypes that will respond to intermediate densities from 
some of the variety hybrids (Figures 11 and 12). 
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3. Stability of yield performance 
Russell and Prior (1975) indicated that stability analysis is most 
meaningful if the environmental indices cover a wide range and display a 
good distribution within the range. Yield data summarized in Table 15 in­
dicate that these criteria were met reasonably well in my study. 
Stability analysis partitions the genotype x environment interaction 
into 1) sum of squares due to regression of yield on the environmental in­
dices and 2) mean squares due to deviations from regression. Thus, each 
hybrid is characterized by the following three stability parameters (Eber-
hart and Russell, 1966): 1) mean yield over all environments, 2) a 
linear regression coefficient (b^) relative to the environmental indices, 
2 
and 3) deviations from the linear model (deviation mean squares, s^). 
Furthermore, Eberhart and E&ussell (1966) defined a stable genotype as one 
with bj^ = 1.0 (throughout my discussion on stability analysis, b^ will be 
2 
referred to as b) and s^ = 0. This implies genotypes that fail to meet 
both of these requirements are unstable; i.e., genotypes with b é 1.0 and 
2 2 2 
Sj = 0, or with b = 1.0 and s^ 0, or with b ^  1.0 and s^ ^ 0 would all be 
unstable. 
Conventional analysis of variance for grain yield (Table 16) revealed 
highly significant environment and genotype variances within each group of 
environments. Nonsignificant genotype x environment interactions, however, 
suggested that the five hybrids I studied were stable in three of the four 
groups of environments (Table 16). Stability analyses (Table 17) were per­
formed to further test the hypothesis that individual hybrids were stable 
across varying environments (developmental homeostasis). The highly sig.-
Table 15. Ranges and distributions of grain yields and environmental indices for four types of 
environments 
No. and Type of Grain yield (q/ha) Environ. Index (q/ha) No. No. 
Environment Low High Low High <x® >3? 
12 Nitrogen x environment 22.34 65.21 -23.78 19.09 5 7 
12 Density x environment 31.65 68.73 -14.47 22.61 7 5 
16 Nitrogen x density 22.95 60.63 -23.17 14.51 8 8 
48 Nitrogen x density x 
environment 15.10 73.73 -31.02 27.61 25 23 
X for grain yield and environmental index are 46.12 and 0.0 q/ha, respectively. 
Table 16. Analysis of variance for grain yield (q/ha) of five maize 
variety hybrids grown in four "types of environments" 
12 NE "Environments"^ 12 DE "Environments"^ 
Source df mean squares df mean squares 
Environment (Env) 
Genotype (G) 
G X Env 
C.V.% 
11 
4 
44 
** 
8033.52 
5188.66 
97.03** 
24.08 
11 
4 
44 
** 
6224.15 
icic 
5188.66 
109.19 
28.92 
^4 Nitrogen levels x 3 environments. 
^4 Density levels x 3 environments. 
^4 Nitrogen levels x 4 density levels. 
4 Nitrogen levels % 4 density levels x 3 environments. 
Significant F-test at 0.01 level of probability. 
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16 ND "Environments"*^ 48 NDE "Environments"*^ 
df mean squares df mean squares 
15 3660.75 47 2377.90 
4 5188.66 4 5188.66 
60 108.54 188 79.82 
32.33 17.30 
Table 17. Stability analysis of variance for grain 
yield (q/ha) of five maize variety hybrids 
grown in four "types of environments" 
12 NE " 'Environments"^ 
Source df Mean squares 
Genotypes (G) 4 5188.66** 
Environment (E) 
G X E 
^^}55 
44 
1684.32 
Environment^^ (E^^) 1 11046.37** 
G X E^ 4 20495.19** 
Pooled deviations 50 7.79 
BSSS(R)Cq X BSCB1(R)Cq 10 7.83 
BSSS(R)C^ X BSCB1(R)C^ 10 4.85 
BSSS(R)C^ X BSCBl(R)Cy 10 4.73 
BS12CQ X B14A 10 12,93 
BS12Cg X B14A 10 8.59 
Pooled error 408 t oi 
^4 Nitrogen levels x 3 environments. 
^4 Density levels x 3 environments. 
^4 Nitrogen levels x 4 density levels. 
*^4 Nitrogen levels x 4 density levels x 3 environments. 
Significant F-test at 0.01 level of probability. 
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12 DE "Environments"^ 16 ND "Environments"^ 48 NDE ^ 'Environments"^ 
df Mean squares df Mean squares df Mean squares 
5188.66** 4 5188.66** 4 5188.66** 
55 1332.18 ") 
60 
75 818,98 } 
188 
235 539.44 
1 8558.52** 1 9152.33** 1 55883.00** 
4 14846.66** 4 12613.79** 4 16010.16** 
10.41 70 11.66 230 29.76 
10 7.72 14 7.51 46 26.05 
10 9.31 14 7.40 46 21.61 
10 17.82 14 15.11 46 32.28 
10 4.40 14 18.93 46 40.36 
10 12.80 14 9.36 46 28.48 
177.90 384 222.35 198 63.69 
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nificant G x observed for each group of environments indicated that the 
hybrids differed in their responses to environments. Also, much of the G x E 
interaction was removed in the stability analysis; i.e, the pooled devia­
tions (Table 17) were much lower than the G x E interactions (Table 16). 
2 Consequently, s^ for each hybrid was not significantly different from zero 
2 2 (i.e., s^ = 0 for each hybrid). Evidently, s^ was not important for the 
genotypes in my study. 
Several crop scientists (Finlay and Wilkinson, 1963; Bilbro and Pay, 
1976) have suggested that in areas (or studies) where management, soil, or 
climatic variables cause definable and distinct differences in yield, the 
regression coefficient (b) should be used as an indicator of adaptation 
rather than stability. Eberhart and Russell (1966) indicated that their 
2 proposed stability parameters (i.e., b = 1.0, s^ • 0) would be applicable 
to high-yield environments, such as exist for maize in the United States. 
Environments in my study were outside the range of environmental conditions 
under which maize is grown in central Iowa (i.e., productivity in high-
plant-density, low nitrogen conditions is less than current commercial lev­
els of these factors which, in turn, is poorer than productivity in low-
plant-density, high-nitrogen conditions). Also, management factors (pri­
marily responsible for the distinct differences in yield that I observed) 
were considered ''environments" for my stability analyses because I was in­
terested in the response of the unimproved and improved genotypes to dif­
ferent combinations of these factors. Additionally, Bilbro and Ray (1976) 
2 
suggested using the coefficient of determination (R ) associated with re­
gression of yield on environmental indices as a measure of stability for 
each genotype. In my study, therefore, b was used as an indicator of 
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2 2 
adaptation and and R as indicators of stability. Thus, a hybrid 
adapted to all environments was characterized by b = 1.0. If b > 1.0, the 
hybrid was considered to be better adapted to high-yield environments, and 
If b < 1.0, the hybrid was considered to be better adapted to low yield en-
2 2 
vironments. A stable hybrid had s^ = 0 and significant R value. 
I wish to emphasize that high yields (i.e., high environmental Indices') 
in my study were associated with high-nitrogen, low plant—density condi­
tions . Throughout my discussion on stability and adaptation reaction, 
therefore, low-nitrogen, high plant-density conditions will be referred to 
as "low-yield environments", and "high-yield environments" will imply 
high nitrogen, low plant densities. 
a. NE environments Each hybrid was stable in the 12 environ-
2 
mants comprising N x E interactions. This was indicated by = 0 (Table 
2 17) and significant R values (Figure 21) for each hybrid. Response of 
these hybrids to nitrogen (Figures 8 and 9) generally showed that increases in 
yield at nitrogen levels above 90 kg/ha were small. Results of stability 
analysis and observed grain yield, therefore, are complementary. Contrarily, 
the hybrids differed for adaptation to NE environments (Figure 21). 
BSSS(R)CQ X BSCB1(R)CQ was adapted to low NE environments (b = 0.825 < 1.0), 
BSSS(R)C^ X BSCBl(R)Cg was adapted to all NE environments (b = 0.975 = 1.0), 
and the Cy x Cy of these populations was adapted to high NE environments 
b = 1.112 > 1.0). For the HS program, the CQ was adapted to all NE environ­
ments (b = 0.950 = 1.0), whereas the Cg demonstrated better adaptation to 
high than to low NE environments (b = 1.138 > 1.0). It can be concluded, 
therefore, that the grain-productivity potentials of BSSS(R)Cy x BSCBl(R)Cy 
and BS12Cg were demonstrated more fully at high than at low levels of nitro-
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Figure 21. Stability and adaptation reactions for yield of five 
variety hybrids of maize to 12 NE "environments" 
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Figure 21. (continued) 
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gen. Performances of both BSSS(R)Cg x BSCBl(R)Cg and BS12CQ are likely to 
be constant if grown at any of the nitrogen levels I used; i.e., the advan­
tages of growing these two genotypes at high relative to low levels of ni­
trogen are small. Because BSSS(R)CQ X BSCB1(R)CQ is not adapted to high 
levels of nitrogen, it would be undesirable in the U.S. Com Belt. Con­
versely, BSSS(R)Cy X BSCBl(R)Cy and BS12Cg would be desirable genotypes for 
the commercial nitrogen rates currently used for maize production in the 
Com Belt. Although these improved genotypes produced better at high rat­
her than low levels of nitrogen, observed yields (Figures 8 and 9) indica­
ted that even at low levels BSSS(R)Cy x BSCB(R)Cy and BSl2Cg produced more 
grain than their unimproved counterparts. Therefore, if the current 
shortage of nitrogen continues, probably, lines developed from the improved 
populations would be more useful to the farmer than those developed from 
the unimproved populations. 
b. DE environments Similar to responses observed for the NE 
environments, yield performance of each hybrid was stable across the 12 DE 
environments (Table 17 and Figure 32). This was expected because of the non­
significant genotype X density X environment interactions obtained in the com­
bined analysis of variance for grain yield (Table 7). Also, for each hy­
brid, b was not significantly different from 1.0, indicating that the hy­
brids were adapted to the plant densities in my study. I mentioned pre­
viously (Table 12) that within nitrogen levels, contribution of plant den­
sity to grain yield was negligible. This was observed for all hybrids 
within and across environments (Table 13 and 14). Besults obtained for 
yield stability analyses in the 12 DE environments, probably, were con­
founded by effects of nitrogen because data presented in Figures 11 and 12 
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Figure 22. Stability and adaptation reactions for yield of five 
variety hybrids of maize to 12 DE "environments" 
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Figure 22. (continued) 
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suggested that none of the hybrids was adapted to high plant densities. 
Also, genotype x nitrogen x density interaction mean squares were not sig­
nificant (Table 7), indicating that within nitrogen levels, all hybrids re­
sponded similarly to plant density. Significant genotype x density inter­
actions (Table 7), however, suggested that stability analyses of the hy­
brids at the four plant-density environments could have been more meaning­
ful than the 12 DE environments. Examination of mean grain yields at each 
plant density (Table 8) showed a wide range (37.86 to 54.48 q/ha) and a 
uniform distribution around the grand mean (i.e., 2 means were lower and 
higher than the grand mean, respectively) for grain yield. The require­
ments for stability analysis (Russell and Prior, 1975), therefore, were 
adequately met. Consequently, this analysis was performed for the four den­
sity environments. All hybrids were stable at the four environments; i.e., 
2 2 Sj = 0 (Table 18) and R values were high and significant statistically 
(Figure 23). Significant 3 x Ej^ (Table 18), however, indicated real dif­
ferences between the hybrids for response to environments. BSSS(R)Cn % 
BSCB1(R)CQ was characterized by a b-value not significantly different from 
1.0 (Figure 23). This hybrid, therefore, was adapted to all densities, 
i.e., even at low densities (high-productivity environments in ny study), 
this genotype produced low yields (Figures 11 and 16). On the other hand, 
Cg X Cg and Cy x Cy of these populations produced b values significantly 
lower than 1.0 (Figure 23), indicating that they were more adapted to low-
productivity (high plant densities) than to high-productivity (low plant 
densities) environments. These results agree with observed grain yields of 
these genotypes (Figure 11). Evidently, ability of BSSS(R)Cg x BSCBl(R)Cg 
and BSSS(R)Cy x BSCBl(R)Cy to tolerate high plant densities was improved 
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Table 18. Stability analysis of variance for grain yield (q/ha) 
of five maize variety hybrids grown in four plant-
density environments 
df Mean squares 
Genotype (G) 4 5188.66** 
Environment (E) 
G X E 
3 
} 15 
12 
1428.36 
Environment^ (Eg) 1 804.63** 
G X ET 4 5151.86** 
Pooled deviations 10 1.34 
BSSS(R)Cq X BSCB1(R)CQ 2 0.99 
BSSS(R)Cg X BSCBl(R)Cg 2 1.53 
BSSS(R)Cy X BSCB1(R)C^ 2 1.49 
BS12CQ X B14A 2 1,12 
BS12Cg X B14A 2 1.53 
Pooled error 456 276,65 
Significant F-test at 0.01 level of probability. 
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Figure 23. Stability and adaptation reactions for yield of five 
variety hybrids of maize to four plant densities 
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through RRS at fairly high densities. 
Both BS12CQ and BS12C^ were better adapted to low (i.e., high yield 
environments) than to high (i.e.,low yield environments) plant densities 
(Figure 23). This, also, agrees with the observed yields for these geno­
types (Figure 12). Consequently, one could suggest that BSl2Cg would be a 
good source population for development of inbred lines that would be high 
yielding at low plant densities, and that high-yielding inbreds at inter­
mediate to high plant densities could be extracted from BSSS(R)C^ and 
BSCBl(R)Cy per se. 
The significant G x interaction observed for the 12 DE environments 
(Table 17)resulted from the larger b values obtained for BS12CQ and BSl2Cg 
than for BSSS(R)CQ X BSCB1(R)CQ (Figure 22); i.e., b value - one standard 
error for BSSS(R)C^ x BSCB1(R)CQ did not overlap with similar values for 
CQ and Cg of BS12. 
2 
c. 16 ND environments Nonsignificant s^ (Table 17) and highly sig­
nificant R^ values (Figure 24) indicated that five variety hybrids I studied 
were stable in yield performance across the 16 ND environments. Differ­
ences among hybrids, however, existed for the linear response of each hy­
brid to the environments (Table 17). Both CQ X CQ and Cy x Cy of the RRS 
program, and BS12CQ had b values not significantly different from 1.0 
(Figure 24). These hybrids, therefore,were adapted to the ND environments 
and were consistent in their responses to all nitrogen-density combinations. 
BSSS(R)Cg X BSCBl(R)Cj, however, demonstrated better adaptation to low 
(low nitrogen, high plant density) yield environments. This genotype, 
therefore, utilized environmental resources more efficiently in low- than 
in high-yield environments. BS12Cg demonstrated greater adaptation to 
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Figure 24. Stability and adaptation reactions for yield of five 
variety hybrids of maize to 16 ND "environments" 
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high-yield (i.e., high nitrogen, low density) environments (b = 1.316 > 
1.0). These results generally agree with those obtained for the response 
surfaces for nitrogen and plant density for the five variety hybrids 
(Figures 16 to 20). 
d. 48 NDE environments BSSS(R)CQ X BSCB1(R)CQ and BSSS(R)C^ x 
BSCBl(R)Cg demonstrated greater adaptation to low than to high NDE environ­
ments (Figure 25). Contrarily, BSSS(R)C^ x BSCB1(R)C^ and BS12CQ were 
adapted to all NDE environments. BSl2Cg, however, demonstrated greater 
adaptation reaction to high (high nitrogen, low density, adequate moisture) 
than to low (low nitrogen, high density, moisture stress) NDE environments. 
All hybrids were stable in these 48 environments (Table 17 and Figure 25). 
Results obtained from stability analyses generally agreed with other 
statistical methods I used to study the yield performance of the three pop­
ulation crosses of BSSS(R) and BSCBl(R) and the two variety hybrids from 
BS12. Recurrent selection was effective in improving grain yield of these 
populations. The improved hybrids demonstrated greater abilities to pro­
duce grain at all nitrogen levels than their unimproved counterparts. Ad­
ditionally, improved hybrids from the RRS program showed lower rates of de­
crease ingrain yield in response to increased plant density than did the 
CQ X CQ from this program. Results of my study, therefore. Indicated that 
1) selection of maize genotypes should be practiced at relatively high 
levels of nitrogen because genotypes I studied that were selected at high 
levels of nitrogen (nonstress environment) displayed higher grain yields 
than those selected at low levels when both types of genotype were evalu­
ated at low and high levels of nitrogen, 2) maize genotypes that are to 
be grown at high plant densities should be selected at high plant densi-
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ties, and 3) recurrent selection was effective for improving grain yield of 
BSSS(R) X BSCBl(R) and BS12. 
4. Grain-yield components 
Contrary to expectation (Hallauer, 1974), expressivity of harvestable 
ears was not affected by environments in my study (Table 19). The five 
genotypes I evaluated, therefore, are likely to produce slightly more than 
70 ears per 100 plants if grown in central Iowa under conditions similar to 
those of my study. Similarly, ear length was not affected by environments 
(Table 19), but expression of other yield components was. Usually, Ankeny 
was the most favorable, and Bruner Farm, 1976, the least favorable for the 
expression of these traits. This was especially evident for grain yield 
per plant, kernel depth, and kernel weight; and therefore, explains why 
mean yield at Ankeny was higher than at the other environments (Table 3). 
Probably, the low kernel moisture observed at Bruner Farm, 1976, resulted 
from the severe moisture stress that occurred in this environment from an-
thesis to harvest. 
Effects of nitrogen and plant density on grain yield per plant (Figure 
26) were similar to those for total grain productivity (Figures 7 and 10), 
however, optimum grain yield per plant was not attained with the levels of 
nitrogen I used. Perhaps, grain yield per plant should be used as selection 
criterion for improving ability of maize genotypes to respond to nitrogen. 
Ear number and kernel weight were adversely affected as plant density in­
creased (Figure 27). It should be noted that even at the lowest plant den­
sity, more than 5% of the plants were barren (Table 20). 
Number of ears per 100 plants increased as recurrent selection for 
Table 19. Environmental influences on &rain-yield components of five maize variety hybrids 
EAR TRAITS KERNEL CHARACTERISTICS 
No. ears/ Grain/ Ear Ear Cob Kernel Kernel Kernel % Kernel 
Environment 100 plants plant length diam diam depth row wt moisture 
(g) (cm) (cm) (cm) (cm) no. (g/300 
kernels) 
Bruner Farm, 1975 71.27 71.96 15.77 4.17 2.35 0.91 15.32 76.92 26.95 
Bruner Farm, 1976 75.35 75.56 16.45 4.13 2.45 0.84 16.51 66.22 17.94 
Ankeny, 1976 78.33 109.14 17.94 4.43 2.54 0.95 16.73 78.98 21.32 
LSD.05 NS 14.67 NS 0.17 0.06 0.09 1.01 1.54 6.31 
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Table 20. Effect of nitrogen and plant density on ear productivity and kernel weight for five 
maize variety hybrids 
b c 
No. ears/100 plants g/300 kernels 
Kg N/ha 39,500^ 59,300 79,000 98,800 39,500 59,300 79,000 98,800 
0 93,2 72.4 62.6 47.5 68.9 77,7 75.6 70,6 69.5 73.4 
90 95.9 82.0 68,5 61,1 76,8 81,5 73.9 69,4 67,8 73,2 
180 93.3 81.0 72.8 58.3 76.4 82.6 73,8 71,3 71.9 74,9 
270 93,9 84.0 73.9 59,5 77.8 83.4 75,8 71,4 68.3 74,7 
94,1 79.9 69,4 56,6 81.3 81,3 74,8 70,7 69,4 
^Plants/ha. 
^LSD Qg for nitrogen 
^LSD for nitrogen 
= 7,8, density =3.0 and for nitrogen x density interactions 
= NS, density = 1,4, and for nitrogen x density Interactions 
= NS. 
= 2.9. 
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grain yield progressed in both programs (Table 21). Similarly, Eberhart 
etal. (1973) and Russell etal. (1973) reported significant increases for 
ears per 100 plants after five cycles of RRS and HS, respectively. Several 
other researchers (Moll and Stuber, 1971; Homer etal., 1976; Allan and 
Darrah, 1977; Darrah etal., 1977) have reported consistent positive cor­
related responses for ear number with recurrent selection for grain yield in 
maize. Also, results of studies by Collins etal. (1965) and Russell (1968) 
indicated that the advantages of prolific over nonprolific maize genotypes 
at high plant densities mainly resulted from ability of the prolific types 
to resist barrenness. These researchers found that second ears accounted 
for less than 10% of total yield of prolific genotypes at high plant den­
sity, results that suggest conmion genetic systems (pleiotropism) or com­
mon biochemical pathways as underlying causes of both grain yield and har-
vestable ear productivity. 
Although the improved hybrids demonstrated greater ability to produce 
more ears at high plant densities (Figure 28), none of the genotypes in my 
study were strongly prolific. Therefore, improvement of prolificacy via 
recurrent selection for grain yield in BSSS(R), BSCBl(R), and BS12 did not 
occur. Lonnqulst (1967),however, observed significant improvement in grain 
yield through mass selection for prolificacy. Consequently, the maize 
ideotype proposed for central Iowa (Mock and Pearce, 1975) would have to be 
developed by deliberate selection for prolific, high-yielding genotypes. 
Overall, kernel weight was not affected by nitrogen, but significant 
nitrogen x density interaction effects were observed for this trait (Table 
20). For the lowest plant density, average kernel weight at 0 kg N/ha was 
smaller that at other nitrogen levels, whereas at the highest plant-density 
Table 21. Grain-yeild components of five maize variety hybrids 
EAR TRAITS KERNEL CHARACTERISTICS 
No. ears/ Grain/ Ear Ear Cob Kernel Kernel Kernel % Kernel 
100 plants plant length diam diam depth row wt moisture 
(g) (cm) (cm) (cm) (cm) no. (g/300 
kernels) 
BSSS(R) X BSCBl(R) 
Cq X Cq 69.99 74.15 15.29 4.17 2,37 0.90 16.10 67.12 22.93 
Cg X Cg 81.08 87.53 16.26 4.24 2.51 0.85 16.67 67.86 22,34 
Cy X Cy 83.62 99.39 16.11 4.27 2.43 0.92 16.72 71.23 24.57 
X B14A 
S  65.24 71,97 17.78 4,22 2.44 0,89 15.48 81.46 18,86 
S  74.99 94.73 18.14 4.31 2.50 0.90 15.95 82.54 21.65 
LSB.05 3.18 4.80 0.35 0.05 0.04 0.02 0.28 1.36 0.76 
BSSS(R) X BSCBKR) BS12 X B14A 
C7XC7 
40 f •„ •0-—si 39.5 59.3 79.0 98.8 39.5 59.3 79.0 98.8 
Thousand plants/ha 
Figure 28. Effect of plant density on number of ears per 100 plants for five maize variety hybrids 
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level, kernels produced at 180 kg N/ha were heavier than those produced at 
90 and 270 kg N/ha. 
Definite trends for increased grain yield per plant were observed 
(Table 21). This was expected because selection was based on grain yield 
per plant in these programs. (In effect, grain yield/ha is more of a cor­
related response than direct response to recurrent selection. Evaluation of 
progress from recurrent selection, however, is based on unit land—area 
parameters to permit an economic appraisal of the progress.) Also, kernel 
weight showed a significant increase for CY x relative to CQ X CQ and 
Cg X Cg of the RRS program. Probably, increased grain yield per plant of 
CY X CY compared with CQ X CQ and C^ x C^ of this program resulted from in­
creased numbers of ears. Kernel weights of genotypes from the HS program 
were similar (Table 21). Increased grain yield per plant of BSl2Cg rela­
tive to BS12CQ, therefore, could not be explained on the basis of kernel 
weight. 
I have discussed previously the fact that nitrogen had no effect on 
kernel weight of the genotypes I evaluated. Furthermore, genotype x nitro­
gen, genotype X density, and all higher-order interactions involving geno­
types, nitrogen and density were nonsignificant for this trait (Table 7). 
These observations coupled with the nonsignificant differences between 
BSIZCQ BS12C^ for kernel weight suggest the following; 1) kernel 
wai^t has reached its optimum genetic potential and could not be influenced 
by the environment, 2) levels of environmental factors in my study were not 
of sufficient magnitudes to exert noticeable influences on the expression 
of kernel weight, and 3) either the source (the photosynthate potential) 
and (or) the sink (capacity of the grain to store photosynthate) was limit­
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ing kernel weight. Satisfactory explanations for these possibilities are 
beyond the scope of my studies. After examining the data obtained for the 
leaf-area estimates, however, I will discuss the model that best explains 
my results. 
Data obtained for kernel moisture at harvest (Table 22) indicated 
that plots to which nitrogen was applied matured earlier than those that 
received no nitrogen. Contrarily, as indicated by nonsignificant mean 
squares for density and all interactions with density (Table 7), plant den­
sity had no effect on kernel moisture. Maturity of BSSS(R)CQ X BSCB1(R)CQ 
and BSSS(R)C^ x BSCBl(R)Cg were similar, but BSSS(R)Cy x BSCB1(R)C^ was 
considerably later maturing than both of these (Table 21). Differences in 
kernel moisture between BSSS(R)CQ X BSCB1(R)CQ and BSSS(R)Cy x BSCBl(R)Cy, 
however, were nonsignificant for the plots that received nitrogen (Table 
22). BS12C^ matured later that BS12CQ, and this difference occurred at all 
nitrogen levels (Table 22). 
Increases in ear length, ear diameter, cob diameter,, kernel depth, 
and kernel row number associated with recurrent selection for grain yield, 
although usually statistically significant, were of small magnitudes (Table 
21). Statistically significant correlation coefficients between grain 
yield and ear and kernel traits, often, have been reported (Obilana and 
Hallauer, 1974; Crosbie, 1976; Gama, 1976). Proportion of grain-yield 
variation attributable to these traits, however, is usually small and is 
highly influenced by genotype x environment interactions (Obilana and 
Hallauer, 1974). In my study, significant genotype x nitrogen and genotype 
X density interactions were observed for ear length (Table 23). Usually, 
differences in ear lengths of BS12CQ and BSl2Cg were not significant within 
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Table 22. Influence of rates of nitrogen on percent kernel moisture 
at harvest for five maize variety hybrids 
Kg N/ha* 
HYBRID 0 90 180 270 
BSSS(R) X BSCBl(R) 
CQ X CQ 23.97 22.90 22.12 22.73 
X CG 25.78 21.82 20.37 21.39 
X 27.82 23.94 22.81 23.73 
BSL2 X B14A 
CQ 20.05 19.02 17.88 18.51 
CG 24.51 21.33 20.00 20.75 
24.42 21.80 20.64 21.42 
nitrogen 
\SD Qg for nitrogen = 1-24; and for hybrid * nltroeen = 1,52, 
Table 23. Influences of nitrogen rates and plant densities on ear lengths (cm) of five maize variety 
hybrids 
Kg N/ha Plants/ha 
HYBRID* 0 90 180 270 39,500 59,300 79,000 98,800 
BSSS(R) X BSCBl(R) 
S :'(:O 13.18 15.48 16.51 16.01 18,07 15.76 14.33 13.03 
S X C 3  14.56 16,48 16.94 17,08 18.68 16,73 15.23 14.43 
CT X C- 14.46 16.38 16.28 17,33 19,01 16.63 14.83 13.96 
BS12 X B14A 
CQ 15.48 18.20 18.38 19.06 21.49 17.70 16.58 15.37 
CG 15.86 18.16 18.93 19.62 21.23 18.41 16.78 16.15 
^SD Qg for hybrid x nitrogen and Hybrid x density = 0.69, 
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nitrogen and plant-density levels. Also differences in this trait between 
genotypes from the RRS program were not consistent for all nitrogen and 
plant-density levels (Table 23). Several other interactions of genotype 
with environments and with specific environmental factors were observed for 
ear length, kernel row number, and kernel depth (Table 7). Probably, ear 
and kernel traits per se would be inadequate indices for indirect selection 
for grain yield in maize. 
Usually, 90 kg N/ha was optimum for the expression of the ear and 
kernel traits shown in Table 24. Mean values for these traits, however, 
decreased as plant density increased (Table 25). None of the traits showed 
significant nitrogen x density interaction effects (Table 7); therefore, 
these trends were consistent for plant densities within nitrogen levels. 
5. Flowering dates 
Number of days to 50% pollen shed (DPS) and 50% silk extrusion (DSE) 
and pollen-shed-to-silking interval (PSSI) decreased as nitrogen increased 
(Figure 29). Differences between 180 and 270 kg N/ha, however, were not 
significant for these traits. Similar to yield response to nitrogen, 180 kg 
N/ha was optimum for early pollen shed, early silk extrusion, and reduced 
pollen-shed-to-silking interval of maize for the conditions of my study. 
Delayed 50% pollen shed and 50% silk emergence were associated with in­
creased plant density (Figure 30); consequently, pollen-shad-to-silking 
interval increased as plant density increased. These findings agree with 
results reported previously for other maize genotypes (Woolley et al., 1962; 
Pepper, 1974; Fakorede, 1975). 
Significant differences among hybrids were observed for DPS, DSE, and 
135 
Table 24. Effect of rates of nitrogen on ear 
five maize variety hybrids 
and kernel traits for 
Kg N/ha 
Ear 
length 
(cm) 
Ear 
diameter 
(cm) 
Cob 
diameter 
(cm) 
Kernel 
depth 
(cm) 
Kernel row 
no. 
0 14.71 4.02 2.33 0.85 15.25 
90 16.94 4.26 2.44 0.91 16.11 
180 17.41 4.35 2.49 0.93 16.94 
270 17.82 4.36 2.52 0.91 16.44 
LSD.OS 0.79 0.14 0.09 0.04 0.59 
Table 25. Effect of plant density on ear and kernel traits for five 
maize variety hybrids 
Ear Ear Cob Kernel Kernel row 
Plants/ha length diameter diameter depth no. 
(cm) (cm) (cm) (cm) 
39,500 19.69 4.56 2.61 0.97 17.15 
59,300 17.05 4.28 2.47 0.90 16.33 
79,000 15.55 4.12 2.38 0.87 15.84 
98,800 14.59 4.02 2.33 0.85 15.41 
LSD.OS 0.35 0.06 0.04 0.03 0.36 
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PSSI (Table 26). BSSS(R)C^ x BSCBl(R)C^ attained 50% pollen shed later 
than BSSS(R)CQ X BSCB1(R)CQ, however, both hybrids displayed incipient 
silks on approximately the same day. Consequently, PSSI of BSSS(R)C^ x 
BSCBl(R)Cy was shorter than that of its unimproved counterpart. Also, 
BS12CQ and BS12C^ reached 50% pollen shed on approximately the same day, 
but BS12CG reached DSE earlier than BS12CQ. Therefore, PSSI for BS12CG 
was 3 days shorter than for BS12CQ. 
Significant genotype x nitrogen interactions for PSSI revealed con­
sistent differences between BS12CQ and BS12CG at each nitrogen level 
(Table 27). Differences between genotypes from the RRS program, however, 
were not significant for this trait at 90 kg N/ha, and the difference be­
tween CQ X CQ and x for PSSI at 39,500 plants/ha was not significant. 
Differences for DSE within plant densities were not significant for the 
genotypes from RRS (Table 27), but BS12CG usually was superior to BS12CQ 
for DSE and PSSI. Pollen-shed-to-silking interval is a useful indicator of 
density-stress in maize. Genotypes that are tolerant of high-density stress 
usually display a shorter interval between 50% pollen shed and 50% silk 
emergence than intolerant genotypes at high plant densities (Mock and 
Buren, 1972; Buren et al., 1974; Mock and Pearce, 1975). Results 
obtained for PSSI agree with Figures 11 and 12 that rate of decrease in 
grain yield with increased plant density was lower for the improved than 
unimproved hybrids. These results agree with those reported by Buren et 
al. (1974) that a negative association exists between PSSI and grain 
yield in maize. Because selection for grain yield resulted in decreased 
PSSI, one could propose linkage as the genetic mechanism underlying this 
association. This would mean that as superior genotypes were selected and 
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Table 26. Days to 50% pollen shed, 50% silk emergence, and pollen-shed-
to-silking interval for five maize variety hybrids 
HYBRID Pollen shed Silk emergence 
(Days from July 1) 
Pollen-shed-to 
silking interval 
(days) 
BSSS(R) X BSCBl(R) 
S ^0 
C5 X 
C7 X CY 
26.45 
27.48 
27.84 
32.98 
32.50 
33.02 
6.53 
5.02 
4.89 
BS12 X B14A 
"6 
LSD 
.05 
26.41 
26.84 
0.48 
34.28 
31.73 
0.94 
7.88 
4.89 
0.52 
Table 27. Effects of nitrogen and plant density on pollen-shed-to-silking interval, and effects 
of plant density on 50% silk emergence for five maize variety hybrids 
Pollen-shed-to-silking interval 
(days) 
Silk emergence 
(days from July 1) 
Kg N/ha Thousand plants/ha 
HYBRID 0 90 180 270 39,5 59.3 79.0 98.8 39.5 59.3 79.0 98.8 
BSSS(R) X BSCBl(R) 
S 9.44 6.00 5.50 5.19 3,81 6.13 7.06 9.13 29.06 32.44 33.81 32.98 
S 
X 6.88 5.00 4.44 3.75 3.25 4.69 5.56 6.56 29.19 32.31 33.44 32.50 
X Cy 7.63 5.00 4.13 3.94 3.13 5.06 5.94 6.56 29.81 33.00 33.94 33.02 
BS12 X B14A 
% 11.75 8.63 6.06 5.06 4.63 6.69 9.81 10.38 29.69 33.13 37.06 34.28 
^6 7.38 5.56 3.38 3.25 3.13 4.13 5.56 6.75 28.50 31.25 32.81 31.73 
1^0.05 = 1.04 tSO.05 - = 1. 04 LS0.05 = 1.38 
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recombined, the linkage between PSSI and grain yield was gradually broken. 
Furthermore, my results suggest repulsion phage linkage (i.e., linkage be­
tween desirable and undesirable alleles) between flowering traits (i.e., pol­
len shed and silk emergence) and grain yield. Several researchers (Grogan, 
1956; Duvick, 1958; Chinwuba et al., 1961; Schwanke, 1965; Meyer, 1970) have 
shown that detasselled or male-sterile maize genotypes were 5 to 55% higher 
yielding than their normal counterparts. Yield advantages of male-sterile 
over normal genotypes were especially evident at high plant densities. Usu^ 
ally, male-sterile hybrids silked earlier and displayed reduced silking in­
terval (usually number of days between incipient silk extrusion by 25 or 50% 
and 75 or 80% of plants in a plot) than hybrids having normal cytoplasms. 
Noble and Russell (1963) reported significant decreases in pollen-shed-to-
silking intervals for certain natural restorer lines when tested in male-
sterile-type cytoplasms. These results suggest that pollen silk emer­
gence, and grain,yield are closely related during ontogeny. One could, there­
fore, hypothesize that a common biochemical pathway controls these traits. 
This pathway, however, produces different end products for the control of 
DPS, DSE, and grain yield. Increases in the level of one product could 
result in decreased production of the others. Hence, selection for increased 
grain yield could result in increased levels of the product controlling the 
expression of grain yield; consequently, levels of the products controlling 
DPS and DSE would be reduced. 
6. Plant Traits 
Generally, mature plant height and ear height increased as nitrogen in­
creased (Table 28). Also, lodging of plants at 270 kg N/ha was significantly 
higher than at 0 and 90 kg N/ha. Plant density, however, had no significant 
effects on means for plant height, ear height, and lodging (Table 28), but 
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Table 28. Effects of rates of nitrogen and plant density on plant traits 
of five maize variety hybrids 
Factor Ear Plant Ear height/ Tassel % 
level height height plant height branch lodging 
(cm) (cm) no. 
Kg N/ha 
0 81.42 183.96 0.44 14.02 17.82 
90 99.02 212.87 0,46 17.39 16.30 
180 106.73 218.97 0.49 18.37 23.82 
270 113.15 229.58 0.49 18.07 26.13 
"".05 10.97 6.82 0.04 1.56 7.49 
Plants/ha 
39,500 98.66 211.65 0.47 18.31 18.76 
59,300 100.06 212.52 0.47 17.19 21,83 
79,000 102.26 213.09 0.48 16,34 20.58 
98,800 99.33 208.13 0.48 16,01 22.90 
ISD.OS NS NS 0.01 1,37 NS 
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significant nitrogen x density interactions were observed for these traits 
(Table 29). As expected, plant height decreased with Increased plant den­
sity at 0 kg N/ha. At 180 and 270 kg N/ha, plant height increased as den­
sity increased from 39,500 to 79,000 plants/ha. Mean ear heights were sim­
ilar for plant densities at 0, 90, and 180 kg N/ha (Table 29). For the high­
est nitrogen level, ear height increased from 109.42 cm (at 39,500 plants/ 
ha) to 117.75 cm (at 79,000 plants/ha). Density differences for lodging 
were not significant at low levels (0 and 90 kg/ha) of nitrogen. Numbers 
of lodged plants differed significantly between 39,5 00 and 98,800 plants/ha 
at 180 kg N/ha, and between 59,300 and 98,800 plants/ha at 270 kg N/ha (Ta­
ble 29). In both cases, increased lodging was associated with 98,800 plants/ 
ha. This increased lodging, probably, was a consequence of greater inter-
plant competition for light and increased shading of leaves within high ni­
trogen, high plant-density environments than at other levels of these factors. 
Across nitrogen levels and plant densities, differences in position of 
top ear relative to mature plant height were small (Table 28). Top ears were 
slightly lower than midway betweeri soil surface and the flag leaf of the 
genotypes in my study. 
Number of tassel branches increased as nitrogen increased from 0 to 90 
kg/ha but decreased from 18.31 at 39,500 plants/ha to 16.34 at 79,000 
plants/ha (Table 28). 
Recurrent selection for grain yield did not affect ear heights of 
BSSS(R) X BSCBl(R) and BS12 (Table 30). Plant height increased by approx­
imately 10 cm in both selection programs. Position of top ears relative to 
mature plant heights were lower for the improved than the unimproved hybrids 
from each program. These differences, however, were of small magnitudes. 
Number of tassel branches decreased with selection in both programs 
Table 29, Effects of nitrogen rates and plant densities on mature plant height, ear height, and 
percent lodging of five maize variety hybrids 
Plant height (cm) Ear height (cm) % lodging 
Kg N/ha Kg N/ha Kg N/ha 
Plants/ha 0 90 180 270 0 90 180 270 0 90 180 270 
39,500 194 .07 216 .42 212 .52 223 .57 83 .91 96 .82 104 .50 109 .42 20 .85 12 .62 17.42 24 .17 
59,300 186 .55 210 .55 222 .16 230 ,81 81 .71 99 ,17 107 ,41 111 ,96 20 .54 20 .78 24.82 21 .17 
79,000 182 .60 212 .40 223 .83 233 .53 82 .16 99 .58 109 .56 117 .75 14 .68 20 .02 21.89 25 .74 
98,800 172 .63 212 .09 217 .38 230 .40 77 .91 100 .51 105 .44 113 .45 15 .20 11 .77 31.17 33 .45 
LSD Qg = 9.78 LSD = 6.47 LSD = 9.64 
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Table 30. Plant traits of five maize variety hybrids 
Ear Plant Ear height/ Tassel % 
HYBRID height height plant height branch lodging 
(cm) (cm) no. 
BSSS(R) X BSCBl(R) 
CQ X CQ 98.93 204.04 0.48 20.89 27.48 
CG X C. 100.53 208.31 0.48 18.68 24.58 5 5 
CY X CY 99.57 214.30 0.46 16.51 17.28 
BS12 X B14A 
Cg 100.40 210.01 0.48 15.81 18.95 
Cg 100.98 220.06 0.46 12.92 16.79 
LSD Qg NS 3.28 0.01 0.96 3.62 
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(Table 30). Negative associations between tassel size and grain yield of 
maize were reported by Mock and Buren (1972) and Buren et al. (1974). Re­
sults of my study agree with their results. 
Reciprocal recurrent selection for grain yield, also, was effective in 
reducing lodging of plants of BSSS(R) and BSCBl(R) maize populations (Table 
30). Differences in percentage of lodged plants between BSlZCg and BS12Cg 
however, were not significant. The significant differences observed for 
lodging between hybrids from the RRS program occurred mainly in 1975 (Table 
31). Differences between hybrids for this trait were not significant in 
1976. Percentages of lodged plants were higher in 1975 than in 1976, a con­
sequence of a severe rain storm that occurred shortly before scoring for 
lodging in that year. 
I also observed significant genotype x nitrogen interaction effects for 
lodging and tassel branch number (Table 31). Hybrids from the RRS program 
demonstrated nonsignificant differences for lodging at 90 and 270 kg N/ha, 
and BS12Cg demonstrated significantly higher resistance to lodging at 180 kg 
N/ha than BS12C_. Because of this significant Interaction, definite trends 
u -
for lodging resistance of the genotypes in my study cannot be established. 
Furthermore, results summarized in Table 31 indicated that differences be­
tween BSSS(R)CG X BSCBl(R)Cj and BSSS(R)CQ X BSCB1(R)CQ for tassel branch 
numbers at 0 and 180 kg N/ha were nonsignificant. The negative association 
between tassel branch number and grain yield was consistent for the HS 
selection program. 
7. Leaf area 
Application of 90 kg N/ha increased number of leaves per plant from 
9.87 to 11.16 (Table 32). Also, number of leaves produced at 270 kg N/ha 
was larger than that produced at 90 kg N/ha. Furthermore, ear-leaf area 
Table 31. Effects of environment and nitrogen on lodging, and effects of rates of nitrogen on 
tassel branch numbers of five maize variety hybrids 
% lodging Tassel branch no. 
Bruner Farm Kg N/ha 
HYBRID 1975 1976 0 90 180 270 0 90 180 270 
BSSS(R) X BSCBl(R) 
CP X CQ 44.64 10.31 29.27 18.84 33.50 28.29 15.78 22.55 22.49 22.74 
CG X 37.06 12.11 19.92 19.91 28.41 30.10 14.41 18.84 21.30 20.16 
X 24.25 10.31 13.84 13.30 18.65 23.33 13.86 16.80 17.71 17.65 
BS12 X B14A 
CQ 26.91 10.99 10.65 15,69 24.16 25,29 14.89 15.90 16.24 16.22 
CG 23.07 10.51 15.41 13,73 14.39 23.63 11.15 12.88 14.10 13.56 
LSD = 5,13 LSD = 7.25 LSD = 1.87 
Table 32. Effects of nitrogen and plant density on number of leaves, leaf area, and 
leaf-area-derived traits of five maize variety hybrids 
Level No. Ear leaf Plant leaf Leaf area Grain/ 
factor leaves/plant area area index leaf area 
(cm^) (of) (mg/cm ) 
Kr N/ha 
0 9.87 566.56 0.53 3.38 7.93 
90 11.16 655.25 0.62 3.94 11.82 
180 11,96 747.19 0.70 4.47 11.62 
270 12.45 754.08 0.71 4.50 12.72 
ISD.OS 0.97 44.03 0.04 0.31 2.21 
Plants/ha 
39,500 12.38 749.30 0,70 2.62 18.77 
59,300 11.48 690.12 0.65 3.64 11.42 
79,000 10.87 655,80 0.62 4.59 7,95 
98,800 10.71 627.97 0.59 5.44 5.94 
0.40 24.31 0.02 0.17 0.68 
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increased as nitrogen increased from 0 kg/ha to 180 kg/ha, indicating 180 
kg N/ha was optimum for leaf area per plant and leaf area index. The 
traits, grain yield (Figure 7), leaf area, and leaf area index (Table 32), 
therefore demonstrated similar responses to nitrogen. 
Number of leaves per plant and ear-leaf area decreased as plant densi-
2 ty increased (Table 32). Leaf area per plant also decreased from 0.70 m 
2 
at 39,500 plants/ha to 0.59 m at 98,800 plants/ha. These results agree 
with those by earlier workers (Earley, 1965; Nunez and Kamprath, 1969; Pep­
per, 1974; Fakorede, 1975; Fakorede, Mulamba, and Mock, 1977) who proposed 
that this decrease was a consequence of greater interplant competition at 
high than at low plant densities. Conversely, leaf area index increased 
significantly as plant density was increased from 39,500 to 98,800 plants/ 
ha (Table 32). This, too, has been reported previously (Nunez and Kamprath, 
1969; Pepper, 1974; Fakorede, 1975). 
Similar to the results obtained by Nunez and Kamprath (1969), effici­
ency of leaf area for producing grain increased as nitrogen rates increased 
from 0 to 90 kg/ha (Table 32). This efficiency was not increased further 
at higher levels of nitrogen. Grain per unit leaf area decreased signifi­
cantly with increased plant density. Evidently, leaf area per plant and 
production of grain per unit leaf area were more important in determining 
grain yield at high plant densities than was leaf area index per se. 
Numbers of leaves per plant of the improved were slightly greater 
than those of the unimproved hybrids (Table 33). These differences were 
significant statistically because of the low coefficient of variation 
(C.V. • 6.84%) associated with this trait (Appendix Table 9); a consequence 
Table 33. Number of leaves, leaf area, and leaf-area-derived traits for five maize 
variety hybrids 
HYBRID 
No. 
leaves/plant 
Ear leaf 
area 
(cm^) 
Plant leaf 
area 
(m^) 
Leaf area 
index 
Grain/ 
leaf area 
2 (mg/cm ) 
BSSS(R) X BSCBl(R) 
^0 * ^ 0 
S ^ S 
C? ^ ^7 
BS12 X B14A 
LSD 
11.04 
11.23 
11.37 
.05 
11.32 
11.84 
0.27 
641.63 
659.24 
706.47 
686.40 
710.25 
20.54 
0.60 
0.62 
0.66 
0.64 
0.67 
0.02 
3.81 
3.97 
4.24 
4,09 
4.26 
0.15 
10.22 
11.77 
12.63 
8.64 
11.84 
0.84 
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of small error mean square (0.604) and a high overall mean for number of 
leaves per plant (11.36). 
Furthermore, the improved hybrids produced larger ear leaves, larger 
leaves per plant and larger leaf area indices than the unimproved hybrids 
(Table 33). Theoretically, gross production of photosynthate should be 
higher in the improved than in the unimproved hybrids. Data obtained for 
grain yield (Table 3) and grain yield components (Table 21) implied that 
improved hybrids produced and translocated more photosynthate into the ear 
than unimproved hybrids. Additionally, genotypic differences for grain per 
unit leaf area (Table 33) suggested that the improved hybrids were more 
efficient in production of photosynthate than the unimproved hybrids. 
Perhaps improvements in grain yield and grain-yield components associated 
with recurrent selection in BSSS(R) x BSCBl(R) and BS12 resulted from in­
creased gross photosynthesis, and efficient production of grain per unit 
leaf area. 
I will now discuss possible explanations for the failure of increased 
rates of nitrogen to increase kernel weight (Table 20), and the lack of 
significant differences for this trait between BS12CQ and BS12C^. tAirata 
(1968) divided the process of yield formation in grain crops into three 
stages, 1) formation of organs for nutrient absorption and photosynthesis, 
2) formation of flower organs and "yield containers", and 3) production, 
accumulation, and translocation of "yield contents" (photosynthate). For 
maize, capacity for grain yield can be expressed as: 
Yield = f(Mo. ears/unit land area)(No. kernels/ear)(weight/kernei) 
Increase in any one of these yield components may result in increased grain 
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yield, if the other two components do not decrease. The "yield container^' 
(or the sinks) depend upon supply of assimilates from the photosynthetic 
system (or the source) to attain their maximum genetic potentials. Physi­
cal capacity for storage of photosynthate, however, is determined by en­
vironmental conditions that occur before flowering (l&irata, 1968; Hanway, 
1971; Evans» 1974), Application of nitrogen in early stages of seedling 
growth promotes rapid expansion of leaf area and usually is effective in 
increasing dry-matter accumulation (Murata, 1968). 
Increased nitrogen supply may not always result in increased rate of 
photosynthetic activity per unit leaf area, although total photosynthesis 
of individual plants or the canopy of the crop may be enhanced greatly 
(Murata, 1968). If the sink size and ability to translocate photosynthate 
from source to sink are not limiting, increased grain yield should occur 
also. Evidently, total photosynthesis increased (as a result of increased 
leaf area) with increased nitrogen rates from 0 to 180 kg/ha (Table 32), 
and also for the improved relative to the unimproved hybrids (Table 33). 
Increased grain yield associated with increased nitrogen from 0 to 180 
kg/ha (Figure 7) and with Improved hybrids (Table 3) indicated that trans-, 
location of photosynthate from source to sink was not limiting for the 
genotypes in my study. The increased photosynthate, however, was utilized 
primarily in the formation and filling of grains on more ears (Tables 20 
and 21). As indicated by small, but significant increases in ear length, 
number of kernel rows, and ear diameter, some of the increased photosyn­
thate, probably, was utilized also to Increase number of kernels. Kernel 
weight remained unchanged. Thus, increased grain yield associated with 
recurrent selection, and with increased rates of nitrogen primarily re­
sulted from Increased ear productivity per unit land area. 
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8. Leaf orientation 
Angles of leaves above (AMG) and below (BANG) top ears were not af­
fected by nitrogen (Table 34). Significant differences occurred between 
nitrogen levels, however, for AANG in 1975 and for BANG in 1976 (Table 35). 
Angles of the upper leaves increased with increased nitrogen in 1975, but 
BANG decreased with increased nitrogen in 1976. Lengths of leaves from the 
point of attachment to the stalk to "flagging" points and total leaf 
lengths Increased with increased nitrogen for both upper (AL^^) and lower 
(BLgp) canopies (Table 34). Differences between 180 and 270 kg N/ha for 
the two traits, however, were not significant. Furthermore, leaf orienta­
tion value below the ear (BLOV) was not influenced by nitrogen, but 180 and 
270 kg N/ha were associated with larger leaf orientation values for the 
upper canopy (ALOV) than 0 kg N/ha. Therefore, orientation of upper 
canopies of maize genotypes I studied were more upright at high»than at low-
nitrogen levels. 
My results indicated that regardless of plant derisity, AANG, AL^^, 
ALOV, BL^p, and total lengths of leaves below top ears (BL^) remained un­
changed (Table 34). Total lengths of leaves above top ear (AL^) decreased 
slightly (though significantly) at densities higher than 59,300 plants/ha, 
and BANG Increased from 60.11^ at 39,500 plants/ha to 63.3° at 98,800 
plants/ha. Differences for BANG between 59,300, 79,000 and 98,800 plants/ 
ha were not significant statistically. Usually BLOV increased with in«- . 
creased plant density. At the high plant densities, therefore, leaves be­
low the ears were more upright than they were at the low density. Probably, 
this resulted from mutual support of plants due to their close proximity at 
Table 34. Effects of nitrogen and plant density on leaf-orientâtion values for canopies 
of five maize variety hybrids 
Upper canopy Lower canopy 
Level of AANG^ AL. AL™ ALOV BANG® BL- BL,, BLOV 
factor r ^ ^ (cm) (cm) (cm) (cm) 
Kg N/ha 
0 59.09 36.66 74.39 29.54 62.67 45.63 81.00 35.69 
90 59.68 45.85 82.38 33.32 61.91 52.89 87.73 37.48 
180 60.47 49.44 87.39 34.63 62.48 56.35 93.29 38.05 
270 60.68 51.82 88.43 36.00 61.63 58.87 93,70 38.89 
LSD.05 NS 4.62 5.43 4.34 NS 5.91 4.82 NS 
Plants/ha 
39,500 59.25 46.93 84.67 33,14 60.11 51.84 88.75 35.33 
59,300 60.10 45.85 84.59 32.78 62.26 53.67 89.54 37.37 
79,000 60.60 44.97 82.21 33.38 63.30 52,80 88,88 37.75 
98,800 60.12 46.03 81.13 34.19 63.03 55.42 88.53 39.65 
LS0.05 NS NS 2.02 NS 1.50 NS NS 2.17 
a 
Degrees from the horizontal, 
Table 35. Nitrogen x environment interactions for leaf angles and nitrogen x density interactions 
for lengths of leaves of fivcî maize variety hybrids 
Angle 
(above) 
Angle 
(below) 
Total leaf length 
(above ear) 
Total leaf length 
(below ear) 
a 
ear 
a 
ear cm cm 
Bruner 
1975 
Farm 
1976 
Bruner 
1975 
Farm 
1976 
Plants/ha 
Kg N/ha 39,500 59,300 79,000 98,800 39,500 59,300 79,000 98 ,800 
0 56.10 62.09 59.73 65.61 79.94 75.93 73.39 68.31 83.97 81.34 81.63 77 .05 
90 57.29 62.08 60.05 63.77 85.57 83.89 80.68 79.39 88.67 89.08 86.23 86 .93 
180 59.55 61.39 62.11 62.84 86.22 89.30 86.27 87.75 90.39 94.29 93.00 95 .45 
270 61.03 60.62 62.03 61.23 86.94 89.25 88.49 89,05 91.97 93.46 94.68 94 .69 
LSD = 2.17 LSD = 2 .73 LSD = 4 .04 ia».o5 = 3.41 
degrees from the horizontal, 
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the high plant densities. Fakorede and Mock (1976a) observed no signifi­
cant differences for ALOV among plant densities, but BLOV Increased sig­
nificantly with increased plant density in their study. 
Significant nitrogen x density interactions were observed for AL^ and 
BL^ (Appendix Table 10). At 0 and 90 kg N/ha, AL^ showed a decreasing 
trend as plant density was increased (Table 35). This trend was not evi­
dent at higher nitrogen levels. Similarly, at 0 and 180 kg N/ha, BL^^ pro­
duced at 39,500 plants/ha differed significantly from that produced at 
98,800 plants/ha. Other similar comparisons were not significant. These 
interactions make it difficult to establish definite trends for effects of 
nitrogen and plant density on AL^ and BL^. 
Relative to BSSS(R)CQ X BSCB1(R)CQ, AANG, AL^^, AL^, and ALOV of 
BSSS(R)Cy X BSCBl(R)Cy were significantly greater (Table 36). Reciprocal 
recurrent selection for grain yield, therefore, resulted in more upright 
orientation of upper canopies of the population cross of BSSS(R) and 
BSCBL(R). Similar results were observed for the lower canopy. The HS pro­
gram was less effective in changing canopy orientation of BS12. Although 
AANG increased significantly from to CG in this population, AL^^, AL^, 
and ALOV did not change significantly. Also, BANG of BS12CQ and BSIZC^ were 
identical. Lower leaves of BS12CG, however, "flagged" less and were longer 
than those of BS12CQ. Consequently, BLOV for BS12CG was larger than that 
for BS12CQ, indicating that lower canopies of 3Si2Cg were more upright than 
those of BS12CQ. 
Generally, differences in leaf orientation values for the improved and 
the unimproved hybrids were too small to be of practical importance. Since 
genotype x density, genotype x nitrogen, and genotype x nitrogen x density 
Table 36. Leaf-orientation data for canopies of five maize variety hybrids 
Upper canopy Lower canopy 
HYBRID Angle^ 
(cm) 
^t 
(cm) 
ALOV Angle^ 
(cm) 
BL^ 
(cm) 
BLOV 
BSSS(R) X BSCBl(R) 
S 
58.40 44.78 79.94 32.84 60.37 52.86 87.15 36.77 
S X 
62.36 47.60 78.55 37.68 63.75 55.31 84.41 41.73 
c? X Cy 61.73 47.77 82.38 35.83 63.61 54.50 88.37 39.13 
BS12 X B14A 
% 57.93 44.11 87.08 29.51 61.38 50.51 91.47 34.05 
Ce 59.65 45.48 87.80 31.01 61.74 53.98 93.24 39.95 
1.34 2.20 1.59 1.87 1.37 2.22 1.59 1.90 
degrees from horizontal. 
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mean squares were not significant (Appendix Table 10), these small differ­
ences were consistent. Probably, mutual shading at high plant densities 
was similar for both improved and unimproved hybrids. Mock and Pearce 
(1975) have hypothesized that a maize ideotype adapted to high plant den­
sities should possess smaller, narrower, more erect leaves than those of 
contemporary maize genotypes. Also, several researchers (Pendleton et al., 
1968; Winter and Ohlrogge, 1973; Pepper, 1974; Fakorede and Mock, 1976a) 
have indicated that maize genotypes possessing erect leaf orientations were 
more efficient in converting solar energy into grain than genotypes with 
horizontal leaf orientations. These differences were more pronounced at 
high than at low plant densities. Results from all these studies seem to 
justify separate breeding programs for upright-leaved, density-tolerant, 
high-yielding maize genotypes. 
9. Dry-matter productivity and harvest index 
Dry-matter productivity of the maize genotypes in my study was affected 
significantly by nitrogen (Table 37). Dry matter per plant and total dry 
matter per hectare increased as nitrogen was increased from 0 to 90 kg/ha. 
Also, differences between 90 and 270 kg N/ha were significant for both dry 
matter per plant and total dry matter. Differences between 90 and 180 kg 
N/ha were not significant. Additionally, production of dry matter per unit 
leaf area increased with nitrogen application, but differences between 90, 
180, and 270 kg N/ha were not significant statistically. Probably, rates 
of photosjmthetic activity per unit leaf area of maize genotypes in my stu­
dy were similar for levels of nitrogen higher than 90 kg/ha. Presumably, 
increased grain yield associated with increased application of nitrogen 
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(Figure 7) resulted from increased canopy photosynthesis (Table 32). Re­
search with rice (Oryza sativa L.) led to similar conclusions (Murata, 1968). 
Although dry matter per unit leaf area, and dry matter per plant de­
creased markedly as plant density increased, dry matter per hectare did not 
change significantly across plant densities (Table 37). Number of leaves 
per plant and leaf area per plant were affected significantly by increased 
plant density (Table 32). Because leaf area index increased as plant densi­
ty increased, it can be suggested that decreased leaf area per plant and 
associated decreased total plant photosynthesis that resulted from increased 
plant density were counter-balanced by increased leaf area index. Therefore, 
dry matter per hectare was not affected significantly by increased plant 
density. 
Harvest index at 0 kg N/ha was significantly lower than it was at the 
three higher nitrogen levels (Table 38). Differences for this trait be­
tween 90, 180, and 270 kg N/ha were not significant. Harvest index de­
creased with increased plant density (Table 38). Similarly, total grain 
yield decreased with increased plant density (Figure 10). Note, however, 
that total dry matter remained constant with Increased plant density (Table 
37). Thus, a large biological yield does not necessarily signify a large 
economic yield. Furthermore, agronomists (see, for example, Shibles and 
Weber, 1966) generally agree that, because of greater interplant competi­
tion, more photo^nthate is used for vegetative growth at high than at low 
plant densities. High plant densities, therefore, result in longer periods 
of vegetative growth and there is competition between vegetative and repro­
ductive organs for available photosynthate. My results agree with this 
hypothesis. 
Table 37. Effects of nitrogen and plant density on dry-matter productivity of five maize 
variety hybrids 
Level of Factor 
Total dry matter 
(mt/ha) 
Dry matter/plant 
(8) 
Dry matter/leaf area 
(mg/cm ) 
Ks N/ha 
0 9.22 159.51 29.04 
90 13.(51 229.80 36.90 
180 14.45 248.75 35.12 
270 15.93 274.79 38.25 
LSD.QS 2.26 32.93 5.09 
Plants/ha 
39,500 12.59 340.79 48.05 
59.300 13. (S2 243.45 37.22 
79,000 13.28 179.17 28.98 
98,800 13.71 149.44 25.06 
LSD.QS N!5 20.70 2.89 
Table 38. Effects of nitrogen and plant density on harvest index (%) of five maize variety hybrids 
Plants/ha 
Kg N/ha^ 39,500 59,300 79,000 98,800 X Nitrogen 
0 37. 09 26. ,44 24. 49 18. 97 26. 75 
90 44. 45 30. ,96 25. 48 26. ,80 31. ,92 
180 36. 47 36. ,96 33. 84 26. ,65 33. 48 
270 42. 28 31. ,36 33. 51 26. ,10 33, ,31 
X Density 40. 07 31. 43 29. 33 24. ,63 
^SD for nitrogen = 5.13, for density = 2.18, and for nitrogen x density interaction = 4.36. 
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Effects of nitrogen on harvest index were not consistent at 39,500 and 
59,300 plants/ha (Table 38). Also, at 79,000 plants/ha, differences be­
tween 0 and 90 kg N/ha were not significant, but 180 and 270 kg N/ha were 
associated with larger harvest indices than 0 kg N/ha at 79,000 and 98,800 
plants/ha. 
Clearly, the improved hybrids in my study were superior to the unim­
proved hybrids in production of dry matter (Table 39). Relative to the 
unimproved hybrids, dry matter per plant and total dry matter were signifi­
cantly higher for the improved hybrids. Also, grain per unit leaf area 
(Table 33) and harvest index (Table 40) increased for the improved hybrids. 
Yield increases associated with recurrent selection in BSSS(R) x BSCBl(R) 
and BS12, therefore, resulted from increased gross photosynthesis, in­
creased production of photosynthate, and increased translocation of phpto-
synthate from source to sink in the improved populations. 
Significant environmental effects and genotype x environment inter­
action effects, however, were observed for harvest index (Appendix Table 
11). Harvest index was higher in 1976 than 1975 (Table 40). Also, hybrid 
differences for this trait were not significant in 1975, but they were in 
1976. This observation seems to explain why larger yield differentials be­
tween improved and unimproved hybrids occurred at the Bruner Farm in 1976 
than 1975 (Table 5 and Appendix Table 1). 
F. Summary and Conclusions 
Experiments were conducted in three field environments with the fol­
lowing objectives: 1) to evaluate the progress from seven cycles of re­
ciprocal recurrent selection in BSSS(R) and BSCBl(R) and six cycles of 
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Table 39. Dry-matter productivity of five maize variety hybrids 
Total dry matter Dry matter/plant Dry matter/leaf area 
Hybrid (mt/ha) (g) (mg/cm^) 
BSSS(R) X BSCBl(R) 
^0 * S 12.11 209.05 33.90 
S 
13.45 229.73 36.15 
Cy ^ S 14.15 242.77 35.79 
BS12 X B14A 
% 12.41 213.84 32.39 
Ce 14.37 245.67 35.91 
LSD.05 0.99 16.19 2.29 
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Table 40. Harvest indices of five maize variety hybrids grown in two 
environments 
Hybrid^ Bruner Farm, 1975 Bruner Farm, 1976 X Hybrid 
BSSS(R) X BSCBl(R) 
^0 * ^ 0 
x C g  
C7 * =7 
26.16 
27.14 
30.48 
33.28 
38.69 
39.47 
29.72 
32.91 
34.98 
BS12 X B14A 
X Environment 
22.94 
25.55 
26.45 
29.18 
40.77 
36.28 
26.06 
33.16 
LSD for environment = 8.81, for hybrid = 3.10, and for hybrid x 
environment = 4.38. 
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half-sib selection in BS12, 2) to compare the response of unimproved and 
improved maize variety hybrids to different levels of nitrogen and plant 
density, and 3) to evaluate the influence of nitrogen and plant density on 
morphological and physiological traits associated with recurrent selection 
for grain yield in maize. Each experiment was arranged in a split-split-
plot design with two replications. Nitrogen levels (0, 90, 180, and 270 
kg/ha) were main plots, plant densities (39,500, 59,300, 79,000, and 
98,800) were subplots, and five variety hybrids BSSS(R)CQ X BSCB1(R)CQ, 
BSSS(R)Cg X BSCBl(R)Cj, BSSS(R)C^ x BSCBl(R)C^, BS12CQ X B14A, and 
BSl2Cg X B14A were randomized as sub-subplots. Data were obtained on grain 
yield and grain-yield components, flowering traits, plant traits, leaf 
area, leaf orientation, lodging, dry-matter productivity, and harvest 
index. 
Recurrent selection was successful in increasing the frequency of 
alleles affecting grain yield in the population cross of BSSS(R) and 
BSCBl(R) and in BS12. Progress from seven cycles of reciprocal recurrent 
selection was linear at 2.06 q/ha (i.e., 5.21%) per cycle. Although pro­
gress from six cycles of recurrent half-sib selection (HS) in BS12 could not 
be quantified (because of inadequate degrees of freedom), observed differ­
ence between means of the Cg and Cg of this program indicated average gains 
of 2.25 q/ha (or 6.00%) per cycle. These results compare favorable with 
those previously reported for the first five cycles of selection in the two 
programs. Additionally, my results indicated that yield differential be­
tween unimproved and improved variety hybrids was more pronounced as the 
environment became more stressed (decreased moisture, low nitrogen, high 
plant densities). Evaluation of progress from recurrent selection in 
166 
several environments, with two or more levels of nitrogen and plant 
density in each environment, was suggested. 
Hybrids in my study demonstrated curvilinear responses to nitrogen, 
with 180 kg N/ha being optimum for the genotypes from the RRS program and 
90 kg N/ha being optimum for BSlZCg x B14Â. BSl2Cg x B14Â, however, pro­
duced maximum yields at 270 kg N/ha. Improved hybrids consistently pro­
duced significantly higher grain yields than the unimproved hybrids at all 
nitrogen levels. Because lines recombined into the improved populations, 
BSSS(R)C^, BSCBl(R)Cy, and BS12C^, were selected under high levels of 
nitrogen,it was concluded that maize genotypes selected under high levels 
of nitrogen were superior to selections made under low levels of nitrogen 
(stress environments). 
Response of the hybrids to increased plant density was linear and nega­
tive. Improved hybrids were superior to unimproved hybrids at all plant 
densities. Also, the coefficient of linear regressions of grain yield on 
plant density (b-value) obtained for each hybrid indicated that the C, x C_ 
and Cy X of the RR5 program demonstrated greater ability to tolerate high 
plant densities than the CQ X CQ from this program. Improved populations 
in the RRS program were selected at higher plant densities than was the 
CQ population. Therefore, maize genotypes that are to be grown at hi^i 
plant densities should be selected at high plant densities. The b-values 
obtained for the genotypes from the HS program indicated that BS12CQ was 
superior to BSl2Cg for tolerance to high plant densities. 
Multiple regression models involving linear, quadratic, and interaction 
terms were used to predict response of grain yield to combinations of nitro­
gen and plant density. Each hybrid demonstrated a quadratic response to 
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nitrogen, but the linear b-value for nitrogen usually was larger than the 
quadratic b-value. Also both linear and quadratic b-values usually were 
significant statistically within and across environments. None of the 
b-values for BSIZ^ x B14A, however, was significant within environments. 
Regression coefficients associated with plant density were negative, small, 
and nonsignificant. I concluded for the genotypes in my study that grain 
yield, primarily, was affected by nitrogen and that linear response to 
nitrogen was more important than quadratic response. Optimum density was 
39,500 plants/ha for each hybrid I studied. Differences, however, existed 
among hybrids for amount of nitrogen required to attain maximum yields at 
this plant density. 
Stability analyses of grain-yield performance indicated that all hy-
2 brids were stable (i.e., deviation mean squares, s^ = 0, and coefficient of 
2 determination, R , were high and significant statistically) in all environ­
ments evaluated. Differences existed between the hybrids, however, for 
adaptation to the environments. Both BSSS(R)C7 x BSCB1(R)C^ and BS12C^ x 
B14A were better adapted to high-nitrogen environments, indicating that 
productivity advantages of these hybrids would be higher at hig^ than at 
low levels of nitrogen. BSSS(R)CQ X BSCB1(R)CQ was adapted to low levels 
of nitrogen. Therefore, this genotype does not possess the potential for 
responding to high nitrogen and, probably, is undesirable for the U.S. Corn 
Beit. Both BSSSCBJCG x BSCB1(R)C^ and BS12CQ X 314A were adapted to all 
nitrogen levels, indicating that grain yield of these two genotypes did not 
fluctuate across nitrogen rates. This, also, is undesirable for production 
environments currently existing for maize in the U.S. Corn Belt. BSIZC^ 
and BSl2Cg were better adapted to low (high-productivity environments) than 
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to high (low-productivity environments) plant densities in my study. 
BSSS(R)CQ X BSCB1(R)CQ was adapted to all plant densities (this genotype 
consistently produced low yields), and both x and Cy x Cy of BSSS(R) 
and BSCBl(R) demonstrated greater adaptation to high (low-yield environ­
ments) than to low plant densities. All statistical techniques employed to 
study the yield performance of the five variety hybrids, therefore, indicated 
that improved hybrids were superior to the unimproved hybrids for response 
to nitrogen and that BSSS(R)C^ x BSCB1(R)C^ and BSSS(R)Cy x BSCBl(R)Cy 
demonstrated greater ability to tolerate hi^ plant densities than 
BSSS(R)Cq X BSCB1(R)CQ. 
Generally, grain-yield components demonstrated significantly positive 
correlated responses to recurrent selection for grain yield. Magnitudes of 
these associations were large for number of ears per 100 plants and per­
centage of kernel moisture at harvest, but were rather small for other 
yield components. Most yield components increased as nitrogen rates in­
creased. and decreased as plant density increased. Usually, optimum nitro­
gen rate for maximum expression of these traits was 90 kg/ha. Kernel 
weight was not affected significantly by nitrogen. 
Dates of anthesis for improved and unimproved hybrids differed by ap­
proximately one day, but improved hybrids reached incipient silk extrusion 
earlier than unimproved hybrids. Consequently, pollen-shed-to-silking 
interval was larger for unimproved than improved genotypes. Because 
pollen-shed-to-silking interval demonstrated a negative association with 
grain yield in my study and in several other studies, I proposed either 
linkage, or a common biochemical pathway as the mechanism underlying the 
association between flowering and grain yield in maize. As expected. 
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anthesis, silk emergence, and pollen-shed-to-silking interval decreased 
as nitrogen rates increased, and increased as plant density increased. 
All plant traits (ear height, plant height, ear height : plant hei^t 
ratio, tassel branch number, and percentage of lodged plants) increased as 
nitrogen rates increased. Plant density did not affect ear height, plant 
hei^t, or lodging, but tassel branch number decreased with increased 
density. Effect of plant density on ear hei^t:plant height ratio was 
small. Ear height did not change but plant height increased with recurrent 
selection for grain yield. Consequently, ear height:plant height ratio 
decreased for the improved hybrids. Also, improved hybrids produced 
smaller tassels than unimproved hybrids. BSSS(R)C^ x BSCBl(R)C^ demon­
strated greater ability to resist lodging than the CQ X CQ and x 
of these populations. Differences between BS12CQ and BS12C^ for lodging 
were not significant statistically. 
Number of leaves per plant, area of ear leaf, leaf area per plant, leaf 
area index, and grain per unit leaf area increased with increased nitrogen; 
however, 90 to 180 kg N/ha was optimum for the expression of these traits. 
As expected, leaf area index increased as plant density increased, but 
values for the other leaf-area traits decreased as plant density increased. 
All leaf-area traits increased significantly in the improved ccsnpared with 
the unimproved hybrids. I hypothesized that total canopy photosynthesis 
probably was greater for the improved than the unimproved hybrids. The 
increased photosynthate produced by the improved hybrids, however, was 
used for filling more ears rather than for increasing kernel size. Yield 
increases for improved hybrids, therefore, resulted largely from increased 
ear number. 
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Leaf orientation values I obtained indicated that in^roved hybrids 
possessed more upright canopies than unimproved hybrids. Orientation of 
upper canopy increased as nitrogen was increased from 0 to 90 kg/ha only. 
Nitrogen did not produce significant effects on orientation of the lower 
canopy. Orientation of the lower canopy increased but that of the upper 
canopy did not change across plant densities. 
Total dry matter productivity, dry matter per plant, dry matter per 
unit leaf area, and harvest index increased significantly with increased 
nitrogen rates. However, differences for these traits among levels of 
nitrogen higher than 90 kg/ha usually were not significant. Increased 
plant density resulted in decreased dry matter per plant, decreased dry 
matter per unit leaf area, and reduced harvest index. 
Differences between plant densities for total dry matter productivity 
were not significant. This occurred probably, because increased leaf area 
index nullified the adverse effect of increased plant density on dry 
matter per plant. Hybrids from advanced selection cycles demonstrated 
superior ability to produce dry matter per plant, total dry matter, and 
dry matter per unit leaf area. Also, harvest index increased markedly for 
the improved hybrids. I concluded that increased grain productivity 
associated with recurrent selection in BSSS(R), BSCBl(R), and BS12 resulted 
from increased amounts of photosynthetically active leaf area, increased 
production of photosynthate, and increased translocation of photosynthate 
from source to sink. 
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V. AGRONOMIC, MORPHOLOGICAL, AND PHYSIOLOGICAL TRAITS 
A. Introduction 
Maize breeding programs have emphasized selection for yield improve­
ment per se, and incorporation of desirable agronomic traits (e.g., disease 
resistance, insect resistance, lodging resistance) usually is secondary. 
Because this procedure of selection for yield per se is expensive and time 
consuming, development of optimum plant types through use of yield compon­
ents and morphological and(or) physiological traits has been suggested 
(Donald, 1968; Frey, 1970). Donald (1968) used the term "ideotypes" to. 
describe optimum plant types. He defined ideotypes as "plants with model 
characteristics known to influence photosynthesis, growth, and (in cereals) 
grain yield." Mock and Pearce (1975) proposed an ideotype for maize 
adapted to the U.S. Corn Belt. Their ideotype will be grown in an optimum 
production environment that includes adequate soil fertility, high plant 
densities, and narrow rows. Consequently, the maize ideotype should, among 
other traits, be characterized by efficient interception and utilization 
of solar energy, maximum photosynthetic efficiency, efficient conversion 
of photosynthate to grain, short pollen-shed-to-silking interval, and long 
grain-filling period. 
Basically, breeding of crop ideotypes assumes a strong genetic associ­
ation between grain yield and the morphological and physiological traits to 
be used either as indirect selection criteria for grain yield, or in 
combination with grain yield in a selection index. 
The variety hybrids that I described previously should be appropriate 
for testing the genetic relationship between grain yield and these traits. 
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In the study reported herein, I compared the observed and expected 
correlated responses of plant and ear heights and grain-yield components 
to recurrent selection for grain yield in BSSS(R) and BSCBl(R). Addition­
ally, I compared the unimproved and improved variety hybrids from both RRS 
and HS programs for carbon-dioxide-exchange rate (a measure of photo-
synthetic efficiency), efficiency of Interception and utilization of solar 
energy, shelling percentage, and duration of grain-filling period. In 
other experiments, I evaluated changes in stalk strength and resistance 
to corn borer and two stalk-rot organisms, Diplodia zeae (Schw.) Lev. and 
Fusarium moniliforme. 
B. Review of Literature 
Green plants are the only terrestrial organisms capable of trans­
forming solar energy into an energy form (i.e., food) usable by man. This 
process of energy transformation is termed photosynthesis. The process 
occurs in the chloroplasts (the organelles that contain chlorophyll), 
utilizes water as a source of hydrogen to reduce carbon dioxide (COg), and 
produces carbohydrates. Consequently, crop scientists measure carbon-
dioxide-exchange rate (CER) as an Indicator for the rate of photosynthesis 
in crop plants. Usually, the photosynthetic system is referred to as 
"the source", and the plant organ that stores photosynthate is referred 
to as "the sink". Although, the source is the trait that ultimately limits 
yield potential, Evans (1974) suggested that selection for yield per se 
has been successful to date probably because the storage capacity was 
limiting yields of crop plants. This progress will continue until storage 
capacity reaches photosynthetic capacity; and thereafter, further progress 
173 
will require simultaneous improvement of both source and sink size. Accord­
ing to Evans (1974), other factors that could be limiting to crop yields 
are: 1) inability of plants to translocate photosynthate from source to 
sink and 2) inadequate uptake and(or) transport of water and nutrients by 
plants. Evidence presented in the literature to date (Loomis and Williams, 
1963; DeWit, 1967; Evans, 1974) suggested both the source and the sink as 
ultimate factors limiting economic yield of crop species. 
Early work on photosynthesis led to the conclusion that saturation at 
low-light intensities, CO2, and temperature were limiting photosynthesis, 
with CO2 having the largest influence (Moss and Musgrave, 1971). Recent 
studies, however, have shown no evidence for light saturation of maize 
leaves. Moss, Musgrave, and Lemon (1961) found that photosynthesis in 
maize was almost directly proportional to light intensity. Correlation 
coefficient for the relationship of photosynthesis to light intensity was 
0.95. Additionally, Hesketh and Musgrave (1962) reported that healthy maize 
leaves exposed to full sunlight displayed rates of photosynthesis larger 
than 50 mg CO^ dm ^  hr ^, a rate that more than doubled those previously 
reported for maize. These researchers also found that individual maize 
leaves were not fully saturated with light even at full sunlight (107,640 
lux). Results such as these suggest that maize can photosynthesize 
efficiently at higher intensities of light. 
Contrary to previous reports. Moss (1962) and Meidner (1962) 
reported independently that maize displayed a CC^-compensation point of 
less than lOppm. (CO^-compensation point, T, is the point at which the 
amount of CO2 used in photosynthesis equals the amount of CO2 produced in 
respiration; i.e., the point at which just enough photosynthate is 
produced to maintain the plant at a constant state.) Additionally, Moss 
(1962) found that corn leaves retained two-thirds of the photosynthetic 
rate they had in normal air (300ppm CO2) when the ambient COg concentration 
was only lOOppm. In contrast, orchardgrass, tobacco, and tomato had only 
one-third their normal rates. Although, increased CER of maize at high­
light intensities occurred with increased CO2 concentrations (Moss et al., 
1961), increased photosynthetic rates (hence, increased dry-matter 
productivity) via COg fertilization are not feasible economically. Other 
means of enhancing crop yields must be sought. 
Loomis and Williams (1963) calculated a net productivity of 71g/m^ of 
land per day. This corresponds to 7.5q/ha per day, a final yield of 
262q/ha for maize with a 35-day grain-filling period. These workers argued 
that a CER of 20 to 25 mg CO2 dm~^ hr ^ would be sufficient (assuming a 
single, continuous layer of leaves) to account for contemporary maximum 
yields of mcst crops. Xf solar radiation wsrs distributed to psnnit 
several layers of leaves to photosynthesize at this rate (especially during 
grain-filling), the calculated net productivity of Tlg/m^ per day would be 
obtained easily for maize grown at normal intensities of solar radiation. 
In other words, pronounced increases in maize yield would occur if 1) most 
of the solar radiation incident upon a crop during the growing season is 
intercepted by the canopy and 2) solar radiation intercepted by the 
maize canopy is uniformly distributed among all leaf layers of the canopy. 
Several research workers (Duncan, 1969; Winter andOhlrogge, 1973; Pepper, 
1974; Fakorede and Mock, 1976a) have demonstrated that increased 
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interception of solar energy can be realized through increased 
leaf area indices (i.e.. Increased plant density). Because increased 
mutual shading occurs within thick plant densities, it has been suggested 
(Pendleton et al., 1968; Duncan, 1971; Winter and Ohlrogge, 1973; Pepper, 
1974) that maize genotypes with upright-leaf orientation above, and 
horizontal-leaf orientation below the ear would be most desirable for 
high plant densities. Also, Fakorede and Mock (1976a) presented 
experimental evidence that BSSS 237 (a normally horizontal-leaved inbred) 
produced 23% more grain per unit light interception at the high plant 
density (160,000 plants/ha) when its upper canopy was manipulated 
mechanically into an upright orientation. 
Additionally, Mock and Pearce (1975) suggested that their maize 
ideotype must possess an efficient photosynthetic mechanism in order to be 
highly productive (i.e., maximum yield potential). Moss and îftisgrave 
(1971) suggested that photosynthetic capacity of cereals could be improved 
by efforts to seek genetic vâtiàbility for photosynthetic rates within 
species. The success of this approach would depend upon finding 
sufficiently large heritabilities for photosynthetic rate, so that progress 
from selection could be made. Results of many investigations (summarized 
by Crosbie in 1976) indicated clearly that genetic variability exists with­
in crop species for photosynthetic rate. I will review herein only the 
literature pertinent to maize. 
Heichel and Husgrave (1969) studied CER among 27 varieties of maize grown 
in a tropical (high temperature, and high solar radiation) environment. 
They observed CERranging from 2.8± 2.Oto 85± 3.0 mg COg dm~^ hr~^ for these 
176 
genotypes. Single crosses in this test and in another test involving 
seven varieties had 34% higher photosynthesis than the mean of their 
inbred parents. On the basis of the results obtained by Heichel and Mus-
grave (1969), a selection program was initiated at Cornell University, 
New York, to develop six high- and three low-photosynthetic populations 
for each of four inbreds (Moss and Musgrave, 1971). Duncan and Hesketh 
(1968) measured CER on leaves of 22 diverse races of maize that were 
adapted to altitudes ranging from 0 to 3400 meters. These genotypes 
were grown in a greenhouse with eight temperature treatments. Photosyn-
thetic rates ranged from 18 to 29 mg CO2 dm~^ hr~^ at 15C (lowest tem­
perature) and from 46 to 60 mg CO2 dm~^ hr~^ at 36C (highest temperature). 
High-altitude races displayed higher CER than low-altitude races at 30 
to 36C but not at other temperature treatments. Crosbie, Mock, and 
Pearce (1977a) observed large differences in CER among 64 random inbred 
lines from BSSS both during vegetative (CER 1) and grain-filling (CER 2) 
stages o£ developmerit. EstlinaLes of additive genetic variance were 1.7 
and 4.9 times larger than estimates of genotype x environment interactions 
at CER 1 and CER 2, respectively. Narrow-sense heritabilities were 0.58 
for CER 1 and 0.80 for CER 2. These workers also found a high genetic 
correlation (rg=0.90) between CER 1 and CER 2, indicating that selection 
at either stage would produce nearly identical results. Actual selection 
advances at 15% selection intensity resulted in increases of 14 and 22% 
above population means for CER 1 and CER 2, respectively. In another 
report, Crosbie, Pearce, and Mock (1977b) calculated correlation 
coefficients between CER and various traits of maize to determine if 
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selection for CER would result In correlated responses in other traits. 
Genotypic correlations between CER and plant traits were low, suggesting 
that one could develop high CER genotypes displaying various plant traits. 
Also, nonsignificant correlations of CER with grain yield indicated that 
CER was not the primary factor limiting yields of the inbreds they 
studied. Crosbie et al. (1977b), however, observed significant correla­
tions between grain yield and grain-yield components. Also, less than 
25% of total dry matter produced during grain filling was actually stored 
in the grain of the inbreds. They concluded that sink size and lack of 
receptive sink limited grain yield in these maize Inbreds. 
Plant breeders have attempted to increase sink size in maize by 
breeding for prolificacy and increases in grain-yield components. 
Josephson (1957) evaluated a selection program for early, prolific inbred 
lines of maize initiated in 1950 by Dr. F. D. Richey in Tennessee. 
Selections were made from the progeny obtained by crossing Jelllcorse with 
Corn Bêlt single crosses, and 03 linês wêre evaluated in hybrid combina­
tions at 19,760 and 24,700 plants/ha. At both densities, prolific hybrids 
outyielded nonprolific hybrids and yields were directly proportional to 
the number of ears produced per 100 plants. Mass selection for prolificacy 
in Hays Golden was effective in increasing the number of ears per plant, 
with an associated grain-yield increase of 6.28% per cycle (Lonnquist, 
1967). Using reciprocal full-sib selection, Hallauer (1973) effectively 
increased prolificacy in BSTE (i.e., BSIO) and PHPRC (i.e., BSll) maize 
populations. He also found that second ears produced 31% of the yield 
observed for selected hybrids from these populations. Duvick (1974) 
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increased prolificacy of maize inbred C103 (normally single-eared and 
intolerant of high densities) through backcrossing and selection. 
Comparison of three "isogenic" prolific selections with the original ver­
sion in hybrid combinations showed the "prolifics" were significantly less 
barren and higher yielding than the original version of C103 at 74,100 
plants/ha. Robinson et al. (1951) estimated heritability of 58% for ears 
per plant at a density of 23,919 plants/ha. In that study, phenotypic 
(rp^ = 0.69) and genotypic (rg = 0.82) correlations of ears per plant with 
yield were the highest of the seven traits measured. Expected genetic 
advance in yield for a selection index that included ears per plant was 
14% larger than selection for yield per se. Laible and Dirks (1968) 
arrived at similar conclusions. 
Several researchers have demonstrated significant relationships 
between grain yield and grain-yield components. In a study involving 
15 single crosses and 30 three-way crosses among six elite inbreds, 
Johnson (1973) concluded that dominance effects for grain yield largely 
resulted from dominance effects for kernel row number. El-Lakany and 
Russell (1971) studied testcrosses of 20 inbreds and found highly 
significant phenotypic correlations (r = 0.69 to 0.85) between grain 
yield and number of kernels per plant, shelling percentage, kernel depth, 
ear diameter, ear length, and number of ears per plant at 59,500 plants/ 
ha. Generally, these correlations were small and nonsignificant at low 
(31,000 plants/ha) and medium (40,800 plants/ha) densities. Obilana and 
Hallauer (1974) reported high phenotypic and genotypic correlations 
between grain yield and grain-yield components for 247 random S, lines 
D 
from BSSS. A backcross-conversion program was used to increase 
expression of number of ears per plant, ear length, and kernel depth in 
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five inbred lines of maize (Kuhn and Stacker, 1976). Expression of 
grain-yield components was greater in the converted lines than in their 
normal counterparts. Also, single-cross hybrids involving converted lines 
produced more grains than single crosses of normal lines. Highest yields 
were observed for prolific single crosses, and lowest yields were 
associated with single crosses obtained from inbred lines that possessed 
deep kernels. These results suggested that selection for increased kernel 
depth per se may not result in increased yields. 
Agronomists frequently observe that increased sink size in maize 
(i.e., high grain yields) is associated with susceptibility to stalk 
breakage and stalk lodging (A. R. Hallauer and J. J. Mock, Agronomy 
Department, Iowa State University, Ames, Iowa 50011, personal communica­
tion), and lodging-resistant genotypes often yield poorly (Zuber, 1973). 
Using total number of erect plants as selection criterion, Thompson 
(1972) selected maize for resistance or susceptibility to stalk lodging. 
After seven cycles of selection for resistance, the percentage of erect 
plants increased from 40.3 to 91.9 and rind thickness of the stalk 
increased from 1.00 to 1.16 mm. Ear height and grain yield decreased 
significantly. Six cycles of selection for susceptibility decreased the 
percentage of erect plants from 40.3 to 11.3 and rind thickness of the 
stalk from 1.00 to 0.96 mm. Grain yield and ear height decreased also. 
Zuber (1973) used crushing strength as the criterion in selection 
programs for good and poor stalk strength in two maize synthetics, MoSQA 
and MoSQB, and observed linear responses to both traits in each population. 
Selection for low crushing strength Increased lodging; with the opposite 
being true for selection for high crushing strength. Incidence of 
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Dlplodia stalk rot, however, did not change appreciably, and selection for 
high or low crushing strength did not consistently affect grain yield. 
Selection for high crushing strength in MoSQB, however, reflected 
significant Increases in grain yield, ear height, 500-kernel weight, and 
cob-crushing strength. Davis and Crane (1976) selected for increased rind 
thickness in a synthetic population of maize. After two cycles of 
selection, lodging decreased from 24.2 to 20.7% in top crosses of the 
selected populations with five single-cross testers, and from 25.7 to 19.1% 
in the popluations per se. Associated decreases in grain yield were 3.2 q/ha 
in the topcrosses and 13.4 q/ha in the populations perse. Changes that 
occurred in grain moisture percentage at harvest, percent stand, and ear 
and plant heights were small. 
It has been hypothesized (Zuber, 1973) that high levels of stalk 
quality might be attained at the expense of yield because both traits would 
be competing for the same source of photosynthate. Furthermore, stalk 
development: in maize is greatly affected by environmental factors such as, 
years and locations (Zuber and Loesch, 1966), plant density (Zuber and 
Dicke, 1964; Thompson, 1964), insect population (Zuber and Dicke, 1964) and 
plant pathogens (Loesch, Calvert, and Zuber, 1962; Zuber and Loesch, 1962; 
Cloninger et al., 1970). Consequently, heritability of stalk strength is 
low (Loesch, Zuber, and Grogan, 1963) and breeding for lodging resistant, 
high-yielding maize genotypes is difficult. 
C. Materials and Methods 
I grew the variety hybrids, BSSS(R)CQ X BSCB1(R)CQ, BSSS(R)C7 X 
BSCBl(R)Cy, BS12CQ X B14A, and BS12Cg x B14A at the Iowa State University 
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Hind's Farm (located 6.44 kilometers north of Ames, Iowa) during the 
1975 and 1976 growing seasons. A split-plot arrangement with three 
replications was used each year. Plant densities were the main plots and 
hybrids were randomized to subplots. To ensure adequate interplant 
competition and also to ensure adequate supply of plants for growth 
analyses (Chapter VII), 6- and 8-row subplots were used in 1975 and 1976, 
respectively. Rows were 5.3 m long and spaced 76 cm apart. A 76-cm alley 
separated main plots. Each subplot was overplanted and thinned to desired 
plant densities of 59,300 (low density) and 98,800 (high density) plants/ha. 
Each year, 112 kg N/ha were applied before planting and plots were side-
dressed with an additional 56 kg N/ha at approximately five weeks after 
planting. Also, because of the dry conditions that occurred in July each 
year, 2.5 and 10.2 cm water were applied from an overhead sprinkler 
irrigation system on July 15, 1975, and July 9, 1976, respectively. 
The following data were recorded from the two center rows of each subplot: 
Photosynthetic rates of ear leaf; Carbon-dioxide-exchange rates (CER) of 
excised leaf sections was measured with an open system utilizing air-
sealed chambers as described by Pearce, Crosbie, and Mock (1976). I 
measured CER of one top-ear leaf section from each of four (in 1975) or 
five (in 1976) competitive plants during grain filling [i.e., approximately 
Hanway's (1971) growth stage 6.0]. This sampling date corresponds to CER2 
of Crosbie et al. (1977a). Leaves were sampled by excising their distal 
20 cm, placing the excised tissues in moist paper towels, and transporting 
them to the laboratory. A rectangular section approximately 21.24 cm^ was 
cut from the blade of each leaf and "preconditioned" for 20 to 30 minutes 
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under 100 nE*s~^*cm~2 pppD; [i.e., photosynthetic photon flux density 
(Shibles, 1976)]. Carbon-dioxide-exchange rate was measured for each 
leaf section in a single measurement chamber by differential gas analysis, 
using an infrared gas analyser. Each measurement was completed in three 
to five minutes, and measurement conditions were 220 nE»s~^*cm~^PPFD at 
the chamber surface, 31 ± 1 C leaf temperature, 320 to 340 ppm CO2 in 
chambers, and air speed of 0.42 cm sec~^. Carbon-dioxide-exchange rate 
on a leaf area basis was calculated by the formula (Hesketh and Moss, 
1963); 
CO 2 ' F' K 
CER = A . T (51) 
where CER = CO 2 -exchange rate expressed as 
CO 2 assimilated per square dm of leaf area per hour 
(mg CO 2 dm" 2 hr"^) 
CO2 - CO2-concentration differential between intake and 
exhaust of the CER measurement chamber (ppm) 
F — rats of airflow through the CER chamber (lxcer,5 per isinute) 
K = 0.5368 mg CO g * °K/ppm*£. 
A = leaf area (dm^) 
T = absolute temperature (°K = °C + 273.16) 
Specific leaf weight ; After CER measurement, leaf sections were dried to 
constant moisture in a forced-air drier at 83 C and weighed. Specific leaf 
weight (SLW) was calculated by dividing dry weight of leaf section by 
section area (21*24 cm^) and was expressed as mg dry weight per square cm 
of leaf area (mg/cm^). 
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Tassel branch number and tassel weight; Tassel branch number was deter­
mined for five plants per subplot as described in the preceding chapter. 
These tassels were removed from the plants, dried at 83 C, and weighed. 
Weights were expressed as grams per plant. 
Light interception: Using the light probe described by Pepper (1974), I 
measured amounts of light penetrating to the ear (ELIT) and to the soil 
surface below the canopy (GLIT) during grain filling. All light measure­
ments were recorded within 60 minutes of solar noon. Light intensity 
above the canopy (IQ) was determined by holding the light probe horizon­
tally above each plot. Similarly, ELIT and GLIT were measured by placing 
the probe horizontally across the row at ear and soil levels, respectively. 
Light penetration was expressed as a percentage of IQ by the formula: 
(jgl Ij/nlo) X 100 
where I^ = light intensity at ear or soil level 
IQ = light intensity above the canopy 
n = number of measurements per subplot (i.e., 3). 
Amounts of light intercepted by the canopies at the ear (ELINT) and at the 
soil (GLINT) levels were determined by subtracting ELIT and GLIT from 100. 
Biological and economic yields: Grain yield and grain-yield components 
were determined as described for the preceding study. In 1975, however, 
only 10 competitive plants were harvested per subplot to estimate total 
grain yield. Each year, ears were weighed at harvest (F^), dried, and 
weighed (D^^). Percentage ear moisture at time of harvest was estimated 
as [(Fwt - Dwt)/Fwt] * 100. Also, weights of shelled grain were multiplied 
by 100 and the product was divided by D^t to obtain shelling percentage. 
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Percentage of kernel moisture at harvest was estimated as the product of 
shelling percentage and ear moisture percentage. This assumes uniform 
distribution of ear moisture between the kernels and the cob. Dry-matter 
productivity was obtained as outlined for the previous experiments. The 
portable mechanical chopper, however, was not used in this study. 
Data were obtained (as described in the previous chapter) for plant 
traits, flowering dates, leaf area and leaf-area-derived traits, and canopy-
orientation measurements. As I mentioned previously, these traits were 
measured in the previous experiments under moisture-stress conditions. 
Because the Hind's Farm has irrigation facilities, I was Interested in 
comparing the improved and unimproved hybrids for these traits in 
environments that were less limiting for moisture supply. Approximately 
40 days after 50% of the plants had attained incipient silk emergence 
(DSE) in 1975, I sampled five or more kernels per ear from five random 
plants per subplot to determine black-layer formation (BLF). This was 
done every other day until all plots attained black layer. Black-layer 
formation was expressed as days from July 1. Effective grain-filling 
duration (GFD) was obtained by subtracting DSE from BLF. 
Other parameters generated from these data were: 
1. CO 2-exchange rate per plant (g CO 2 plant"^ hr~^) during grain 
filling (CERPLA): CERPLA = (CER x PLA)/1000 
2. CO2 -exchange rate per hectare (kg COg hectare"^ hr~^) during grain 
filling (CERPHA); CERPHA = CER x LAI 
Both of these traits were used as estimates of canopy photosynthesis. 
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3. Dry matter per unit light interception at the ear 
(DMPELINT): DMPELINT = (DMPP/ELINT) x 100 
4. Dry matter per unit total light interception (DMPGLINT) 
DMPGLINT = (DMPP/GLINT) x 100 
5. Grain yield per unit light interception at the ear (GRPELINT); 
GRPELINT = (GRPP/ELINT) x 100 
6. Grain yield per unit total light interception (GRPGLINT); 
GRPGLINT = (GRPP/GLINT) x 100 
A combined analysis of variance was obtained for each trait, except 
BLF and GFD that were measured in one year only. Appropriate F-tests 
were computed for each source of variation. The following model was used 
for the combined analysis of variance: 
Yijkl = y + ei + Rj+aij +Dk +(ED)iij + Bijk+Gi +(EG)ii + (DG)kl + (EDG)iki 
+ crijki (5.2) 
where y = overall mean 
e^= effect of the 1^^ environment (year), 1= 1,2 
Rj = effect of the j^h replication, j = 1,2,3 
oij = whole-plot error (error a) 
Dit ~ effect of the density, k = 1,2 
(ED)iit = effect of k^h density in the i*^h environment 
8ijk ~ subplot error (error b) 
Gi = effect of the 1^^ genotype, 1 = 1,2,3,4 
(EG)i2 - effect of the 1^^ genotype in the 1^^ environment 
(DG)ki = effect of the 1^^ genotype in the k^^ density 
(EDG)ik2 ~ effect of the 1th genotype and the k*:^ density in the i^h 
environment 
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= sub-subplot error (error c). 
Sources of variation, degrees of freedom, and expectations of mean 
squares for the combined analysis of variance are summarized in Table 41. 
The model used for the analyses of variance for BLF and GFD was; 
Yijk = y + Ri + Dj + Oij + + (DG)jk + (5.3) 
where y = overall mean 
Ri = effect of the i^^ replication, i = 1,2,3 
Dj = effect of the density, j = 1,2 
°ij ~ whole-plot error (error a) 
= effect of the genotype, k = 1,2,3,4 
(DG)jk ~ effect of the k^^ genotype in the j^h density 
6ijk = subplot error (error b) 
Sources of variation, degrees of freedom, and expectations of mean squares 
for these analyses are presented in Table 42. In each case, means of 
main effects and interaction effects that showed significant F-tests 
were tested further by appropriate LSD values. 
Additionally, I used equation 2.5 obtained from Falconer (1960a) 
to predict correlated responses to RRS for ear height, plant height, ear 
length, ear diameter, cob diameter, and kernel depth. Genetic parameters 
needed to calculate correlated responses were obtained for BSSS(R)CQ X 
BSCB1(R)CQ and BSSS(R)C^ x BSCB1(R)C4 by Hallauer in 1971. Predictions 
based on parameters from the CQ x CQ and from x of this program were 
compared with observed responses. Predicted correlated responses for 
other traits, and for the HS program could not be obtained because of 
lack of necessary information. 
Table 41. Sources of variation, degrees of freedom (DF), and expected mean squares for combined 
analyses of variance for all traits measured in 1975 and 1976 
Source DF Expectations of mean squares^ 
Environment (E) e-1 1 2 2 + rdgOg 
Replication r-1 2 2 ^  , 2 Oc + dga^ 
2 
+ edgo^ 
Error a (e-1)(r-1) 2 2 ^  , 2 
Density (D) d-1 1 + 
c ' d-1 
2 
EDG ® d-1 
D X E (d-1)(e-1) 1 0^ + 
c rdSi 
2 
°EDG + rg I'k^'lk 
(e-1)(d-1) 
Error b e(r-l)(d-1) 4 + 
c 
2 
EDG 
Genotype (G) 8-1 3 A: 
2 1^ G1 
^EDG + ^ 'i g-1 
G X E (g-1)(e-1) 3 
c "A "EDG + 
il 
(e-1)(g-1) 
G X D (g-1)(d-1) 3 
"0 + "EDG + " 
(d-1)(g-1) 
G X D X E (g-1)(d-1)(e--1)3 
c 
„2 
EDG 
2 
Error c ed(r-l)(g-1) 24 
Total erdg-1 47 
^Environments were random, and densities and genotypes were fixed. 
Table 42. Source of variation, degrees of freedom (DF), and expected mean squares for analyses of 
variance for days to black-layer formation and duration of grain-filling period 
Source DF Expectations of mean squares^ 
Replication r-1 2 
^  2 . - 2  
+ ro^ + dgo^ 
Density d-1 1 ' < 
Error a (r-1)(d-1) 2 < 
1 .2 
Genotype (G) (g-1) 3 
"i 
G X D (g-1)(d-1) 3 < 
Error b d(r-1)(g-1) 2 < 
Total rdg-1 23 
^Fixed model. 
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Furthermore, I conducted five experiments In both 1975 and 1976 at 
the Atomic Energy Field, near Ames, Iowa, to evaluate all five variety 
hybrids for stalk strength and for resistance to corn borer (first brood), 
Dlplodla stalk rot, and Fusarlum stalk rot. I used a randomized complete-
block design with four replications In each experiment. Single-row plots 
(rows spaced 102 cm apart) with approximately 38,750 plants/ha (17 plants 
per row) were used for these experiments. 
Plants In Experiment 1 were Infested with two corn borer egg masses 
every other day until each plant had received 10 masses (approximately 
250 eggs). Usually, egg masses were attached to leaf-whorl tissue at 
Hanway's growth stage 3.0, and plants were rated for borer leaf-feeding 
damage about three weeks after Infestation. Plants were rated on a 1 
(highly resistant) to 9 (highly susceptible) scale by Dr, W. D. Guthrie of 
the Department of Entomology, Iowa State University, Ames, Iowa. 
Approximately one week after 50% incipient silk emergence, plants 
were Izicculatcd ««1th a suspGnslcn of pycnldlOoporGo of , zsas (ExpcriinG&it 
2) and £. monlliforme (Experiment 3) in the middle of the second Internode 
above the soil. The inoculum was prepared by growing each organism at 
room temperature for 28 days on oats (Avena satlva L.) sterilized in water 
and was furnished by the Department of Botany and Plant Pathology. Six 
weeks after inoculation, ten competitive plants were split longitudinally 
through the inoculation point and amounts of discolored tissue relative 
to the total area of the inoculated internode were rated visually 
according to the following scale: 
0 = No spread of infection from the punctured area 
1=0- 25% of the inoculated Internode rotted 
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2 = 26 - 50% of the inoculated internode rotted 
3 = 51 - 75% of the inoculated internode rotted 
4 = 76 - 100% of the inoculated internode rotted 
5 = Infection extended to adjacent internodes 
6 = Dead plant. 
The amount of force needed to puncture the rind (rind puncture) and 
stalk-breaking strength were obtained at physiological maturity from ten 
competitive plants per plot in Experiments 4 and 5, respectively. Rind 
puncture was determined manually with a Chatlllon penetrometer (John 
Chatillon and Sons, 80-30 Kew Garden Road, Kew Gardens, New York 11415) 
designed to indicate the amount of force applied against its tip. Break­
ing-strength data were obtained immediately after stalks were cut in the 
field by placing individual stalks (the lower 80-100 cm) in a machine 
designed to measure the amount of force required to break an internode. 
The machine applied a gradually Increasing lateral force against the 
center of the internode until breakage occurred. The second internode 
from the soil was used for making rind-puncture and breaking-strength 
measurements. 
Analysis of variance (plot means) was performed for each experiment 
and LSD values were used to compare means of significant main and 
Interaction effects. 
D. Results and Discussion 
Differences between years for total grain yield and for grain yield 
per plant were not significant (Table 43). Because less rainfall was 
received during grain filling in 1976 than in 1975, I anticipated 
Table 43. Effects of environments, plant densities, and genotypes on grain yield and grain-yield 
components of four maize variety hybrids 
Environments Densities Genotypes 
Plants/ha BSSS(R)xBSCBl(R) BS12xB14A 
Components C.V.% 1975 1976 LSD 59,300 98,800 .05 CQZCQ CyxC^ ~C^ .05 
Total grain 
yield (q/ha) 35.0 50.50 49.49 NS 54.01 45.98 5.65 46.05 63.81 35.92 54.20 14.75 
Grain yield/ 
plant (g) 34.9 71.60 71.70 NS 94.02 49.28 10.74 65.96 91.68 51.03 77.95 21.04 
No. ears/ 
100 plants 25.5 80.00 78.33 NS 87.92 70.42 11.33 78.33 89.17 71.67 77.50 NS 
Ear length 
(cm) 11.5 15.20 16.09 NS 16.96 14.33 1.40 14.12 15.06 16.19 17.22 1.51 
Ear diameter 
(cm) 6.1 4.29 4.08 0.08 4.30 4.06 0.15 4.19 4.29 4.03 4.21 NS 
Cob diameter 
(cm) 5.8 2.51 2.53 NS 2.57 2.48 NS 2.48 2.57 2.48 2.56 NS 
Kernel depth 
(cm) 10.0 0.89 0.77 0.03 0.87 0.79 NS 0.86 0.86 0.78 0.83 NS 
Kernel row 
numbers 8.2 15.13 15.89 NS 15.77 15.26 0.32 15.83 16.43 14.40 15.38 1.08 
300-Kernel 
wt. (g) 8.3 78.83 67.40 5.55 74.91 71.32 2.49 66.76 72.20 76.99 76.51 5.08 
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differences for grain yield between the two years. The Irrigation water 
applied during anthesis, however, could have minimized the effects of 
moisture stress in 1976. As expected, grain yields at the low density 
were larger than at the high density. Also, the improved hybrids produced 
more grains than the unimproved hybrids. Average differences between the 
Co X Co and C7 x C7 of the RRS program was 2.54 q/ha (5.51%) per cycle; 
a total gain of 17.76 q/ha in seven cycles of selection. Similar values 
for the HS program were 3.05 q/ha (8.48%) per cycle and a total gain of 
18.28 q/ha in six cycles of selection (Table 43). Grain yields in my 
study were characterized by C.V.'s about twice as large as C.V.'s 
commonly observed for maize in central Iowa. This resulted from large 
error mean squares (306.34 and 623.68) and relatively small overall means 
(49.99 q/ha and 71.65 g/plant) for total grain yield and grain yield per 
plant, respectively. 
Ear diameter, kernel depth, and kernel weight were larger in 1975 
than in 1976 (Table 43). Differences between the two years for other 
grain-yield components were not significant. Larger values were observed 
for grain-yield components at the low than at the high plant density. 
Differences between densities for cob diameter and kernel depth, however, 
were not significant statistically. Contrary to the results presented 
previously, differences between unimproved- and improved-variety hybrids 
for ear productivity were not significant. Probably, this was a manifesta­
tion of the large C.V. (25.5%) associated with this trait (Table 43). 
Generally, grain-yield components of unimproved and improved hybrids from 
the same selection program did not differ appreciably. BSSS(R)Cy x 
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BSCB1(R)C7, however, produced heavier kernels than BSSS(R)CQ X BSCBl(R)Cg. 
Significant genotype x environment interaction effects indicated that this 
difference largely occurred in 1975 (70.33 and 78.97 g in 1975 vs 63.18 
and 65.43 g in 1976 for the two hybrids, respectively); probably, a 
consequence of low moisture supply during grain filling in 1976. 
Photosynthetic rates and specific leaf weight were higher in 1976 than 
in 1975, and (except for CERPHA) were higher at the low than at the high 
plant density (Table 44). Differences for photosynthetic rates between 
unimproved and Improved hybrids were not significant. Because significant 
differences were observed for grain yields of these genotypes, one could 
conclude that the source (i.e., photosynthetic activity) was not the 
primary factor limiting grain yield in BBSS, BSCBl, and BS12. Crosble 
et al. (1977b) reached a similar conclusion for 64 random Inbreds of 
maize obtained from BBSS, and Evans (1974) reported that primitive, poor-
yielding wheats had higher photosynthetic rates than present-day, high-
yielding varieties. Evidently, superior yields of crop plants may not 
result from high photosynthetic rates per se. Although CER obtained in 
my study were similar to values for CER 2 reported by Crosble et al. 
(1977a), genotypes that I studied demonstrated somewhat lower CER than 
observed for hybrids (Heichel and Musgrave, 1969). Also, relatively low 
CER during grain-filling has been observed for commercial single-cross 
hybrids of maize (R. B. Pearce, J. J. Mock, and T. M. Crosble, Agronomy 
Department, Iowa State University, Ames, Iowa, personal communication, 
1976). The mechanisms for this observation, however, is not understood. 
Flowering was earlier in 1976 than in 1975, probably a result of 
different dates of planting (May 16, 1975 and May 1, 1976) for the two 
Table 44. Effects of environments, plant densities, and genotypes on 
photosynthetic rates and specific leaf weight of four maize 
variety hybrids 
Environments Densities 
Photosynthetic rates Plants/ha 
and specific leaf wt. C.V.% 1975 1976 LSD 59,300 98,800 LSD 
CER _2 22.2 22.11 28.01 5.72 27.48 22.64 3.73 
(mg COg dm hr ) 
CERPLA , , 28.6 1.45 1.72 0.11 1.84 1.33 0.31 
(g COg plant hr ) 
CERPHA , 28.9 1.08 1.28 0.09 1.07 1.29 NS 
(kg COg hectare hr ) 
SLW (mg/cm^) 6.5 3.77 4.39 0.33 4.23 3.94 0.12 
196 
Genotypes 
BSSS(R) X BSCBl(R) BS12 x B14A 
S * S ^7 * ^ 7 S ^6 •' 
23.80 22.21 25.99 28.23 NS 
1.40 1.45 1.66 1.83 NS 
1.04 1.09 1.24 1.35 NS 
4.04 4.21 4.04 4.04 NS 
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years. Moisture stress was more severe during anthesls in 1975 than in 
1976, which also, could promote delayed flowering. Pollen-shed-to-silking 
interval was one-half day shorter in 1975 than in 1976. Large differences 
observed for percent ear moisture at harvest and percent grain moisture at 
harvest indicated that the 1976 crop was considerably later than the 1975 
crop. I harvested the 1976 crop earlier than the 1975 crop because an early 
frost in September, 1976 killed all green leaves on the crop. The 
smaller kernel weight observed in 1976 relative to 1975 (Table 43) could 
have resulted from this early frost. As expected, more days were required 
to 50% pollen shed and 50% silk emergence at the high than at the low 
plant density. Consequently, pollen-shed-to-silking interval was larger 
for the high than the low density. Number of days to black-layer formation, 
grain-filling duration, percent ear moisture at harvest, and percent grain 
moisture at harvest were not affected significantly by plant-density 
levels. 
Both uiiimproveu and improved hybrids reached anthesls at approximately 
the same day, but the improved hybrids displayed incipient silk extrusion 
earlier than their unimproved counterparts (Table 45). Pollen-shed-to-
silking interval, therefore, was shorter for the improved hybrids. These 
results agree with those reported in the preceeding chapter. Furthermore, 
differences between BSlZCg x B14A and BS12C^ x B14A for days to black-
layer formation, grain-filling duration, and percent ear and grain mois­
ture at harvest were not significant (Table 45). Probably, this explains 
why kernel weight for BS12CG x B14A was similar to that for BS12CQ X B14Â 
(Tables 21 and 43). Date of black-layer formation was later and length 
Table 45. Effects of environments, plant densities, and genotypes on 
flowering dates and maturity traits of four maize variety 
hybrids 
Environments Densities 
Flowering dates 
and maturity traits q.v.% 1975 1976^®°. 05 
Plants/ha 
59,300 98,800 ^^".05 
50% pollen shed 
(Days from July 1) 8.6 
50% silk emergence 
(Days from July 1) 6.4 
Pollen-shed-to-silk-
ing interval (Days) 26.0 
Black-layer formation 
(Days from July 1)® 3.2 
Grain-filling 
26.21 17.71 1.35 
30.58 22.63 1.18 
4.38 4.92 0.34 
21.04 22.88 0.88 
24.67 28.54 1.41 
3.63 5.67 1.64 
81.17 82.58 NS 
duration (Days) 5.5 52.25 50.33 NS 
Ear moisture % 15.7 27.09 33.57 5.70 28.85 31.81 NS 
Grain moisture % 19.6 18.91 26.60 5.06 22.08 23.42 NS 
^Obtained in 1975 only. 
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Genotypes 
BSSS(R) X BSCBl(R) BS12 x B14A 
Cp * =0 C; * c, Cp "6 
22.42 22.25 21.33 21.83 NS 
27.17 25.50 28.17 25.58 1.43 
4.75 3.25 6.83 3.75 1.02 
80.00 84.33 81.00 82.17 3.25 
48.00 54.83 49.50 52.83 3.56 
30.53 34.12 28.12 28.54 4.02 
22.75 26.55 19.93 21.78 3.76 
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of grain-filling duration was longer for BSSS(R)C7 x BSCBl(R)C7 than for 
BSSS(R)Co X BSCBl(R)Co (Table 45), indicating that the improved hybrid, 
probably, possessed larger sink size than the unimproved hybrids from the RRS 
program. This may be one reason for the heavier kernels observed for 
C7 X C7 relative to CQ x CQ (Tables 21 and 43). Additionally, these 
results, plus the data obtained for percent ear moisture (Table 45), 
indicated that BSSS(R)C7 x BSCB1(R)C7 reached maturity later than BSSS(R)CQ 
X BSCBl(R)Co. Percentage ear moisture for these two hybrids, however, 
were not different. It should be noted that percentage grain moisture 
obtained for the four maize hybrids with use of moisture-testing equip­
ment (Table 21) were comparable to those obtained in this experiment 
(Table 45) with a less sophisticated method. Probably, the nonsignificant 
differences in ear moisture between BS12Co and BS12Cg resulted from a 
large C.V. (19.6%) for this trait. 
Tassel branch number was larger in 1976 than 1975, but differences 
between the two years for tassel weight were not significant statistically 
(Table 46). Conversely, differences between plant densities for tassel 
branch number were not significant, whereas tassel weight was larger at 
the low than high plant density. Results obtained for tassel branch 
number and tassel weight indicated that tassel size decreased for the 
improved relative to the unimproved hybrids; i.e., tassel size was 
negatively associated with grain yield. This agrees with the results I 
obtained in other studies (Table 28). Ear height and plant height were 
not affected significantly by environments, plant densities, or genotype. 
Significant density x environment interaction mean squares, however, were 
observed for ear height. In 1976, average ear heights were 111.63 and 
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104.35 cm at the low and high plant densities, respectively (LSD.Q^ for 
density x environment interaction was 4.91 cm); but in 1975 they were 
110.30 cm at the low and 108.42 cm at the high plant density. Additionally, 
differences between years, and plant densities for ear height:plant 
height ratio were not significant (Table 46). This ratio, however, was 
reduced significantly for the improved relative to the unimproved 
variety hybrids. 
Fewer leaves were produced in 1975 than in 1976 (Table 47). Differ­
ences between years for other leaf-area and leaf-area-derived traits were 
not significant. Numbers of leaves per plant were similar across plant 
densities. As expected, leaf area index was larger at the high than at 
the low plant density, but ear-leaf area, leaf area per plant, and 
efficiency of dry-matter (DMPLA) and grain (GRPLA) production per unit 
leaf area were larger at the low plant density. Significant density x 
environment interaction was observed for leaf area index. At the high 
plant density, leaf area index was larger in 1975 than in 1976 (6.12 vs 
5.37; LSD,o5 for density x environment interaction was 0.24). Fakorede 
et al. (1977) found that 9.39 x 0.75 Iw overestimated leaf areas in 1975 
but not in 1976; probably, this overestimation caused these differences. 
Differences among hybrids for leaf area and leaf-area-derived traits 
were not significant (Table 47). Also, leaf areas of unimproved hybrids 
were as efficient as leaf areas of their improved counterparts in producing 
dry matter; however, improved hybrids produced more grain per unit leaf 
area than the unimproved hybrids. Because photosynthetic rates (Table 44), 
leaf areas, and DMPLA (Table 47) for these hybrids were similar, one could 
Table 46. Effects of environments, plant densities, and genotypes on plant traits of four maize 
variety hybrids 
Environments Densities Genotpyes 
Plants/ha BSSS(R) XBSCB1(R) BS12xB14A 
traits C.V.% 1975 1976 59,300 98,800 ^®®.05 VS S*^7 ^0 S ^^^.05 
Tassel 
branch no. 15.6 15.65 19.68 1.94 17.98 17.35 NS 20.52 17.70 17.40 15.03 2.33 
Tassel wt. 
(g) 11.02 18.80 24.65 NS 25.34 18.12 5.08 22.43 19.29 24.79 20.40 2.05 
Ear height 
(cm) 10.06 109.36 107.99 NS 107.33 110.03 NS 107.90 105.48 112.37 108.95 NS 
Plant 
height (cm) 8.8 219.96 227.43 NS 225.78 222.61 NS 215.12 222.72 223.68 233.25 NS 
Ear height; 
plant height 
ratio 6.5 0.50 0.48 NS 0.48 0.49 NS 0.50 0.47 0.50 0.47 0.03 
Table 47. Effects of environments, plant densities, and genotypes on 
leaf area and leaf-area-derived traits of four maize variety 
hybrids 
Environments Densities 
Plants/ha 
Leaf area and leaf-
area-derived traits C. V.% 1975 1976 1*0.05 59,300 98,800 
No. leaves/plant 5. 1 10.56 13.25 1.09 12.35 11.46 NS 
2 Ear-leaf area (cm ) 13. 2 701.94 670.63 NS 714.65 657.92 47.75 
2 Leaf area/plant (m ) 12. 2 0.65 0.61 NS 0.67 0.59 0.04 
Leaf area index 11. 6 5.01 4.62 NS 3.88 5.74 0.17 
DMPIjA (mg/cm^) 23. 9 39.79 33.78 NS 42.26 31.31 6.84 
GRPLA (mg/cm^) 35. 5 11.04 11.53 NS 14.21 8.37 2.23 
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Genotypes 
RSSS(R) X BSCBl(R) BS12 x B14A 
11.78 11.68 12.10 12.06 NS 
645.08 700.49 696.18 703.38 NS 
0.58 0.65 0.64 0.65 NS 
4.42 5.02 4.90 4.91 NS 
37.06 38.20 33.90 37.97 NS 
11.06 14.05 7.88 12.15 3.38 
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propose that the improved hybrids demonstrated greater abilities 
to translocate photosynthate from leaves to developing grains. 
Generally, I observed small differences for canopy traits between 
environments and between plant densities (Table 48). Differences between 
environments for leaf angle of the upper canopy (ÂÂNG), and between plant 
densities for length of upper leaves to "flagging" point (AL^^) were 
significant statistically. Orientation of the upper canopy of BS12 was 
not changed significantly by recurrent selection for grain yield. 
Conversely, AANG, Al^^, and leaf-orientation value (ALOV) Increased 
significantly with selection in the RRS program. Results obtained for 
orientation of upper canopy generally agreed with those obtained in 
previous experiments (Table 36). For the lower canopy, leaf angle (BANG), 
leaf length to "flagging" point (BL^^), and leaf-orientation values (BLOV) 
increased for BSSS(R)CY x BSCBl(R)Cy compared with BSSS(R)CQX BSCB1(R)CO 
(Table 48). Similarly, BL^^ and BLOV was larger for BS12Cgx B14A than 
BS12GQ X B14A^ Differences between BS12CQ X B14A and BS12G^ x B14A for 
BANG were not significant. Also, total leaf lengths at both canopy posi­
tions were similar for the improved and unimproved hybrids. Although 
upright canopy orientation was associated with recurrent selection for 
grain yield, the "Ideotype" with upright-leaf orientation above, and 
horizontal-leaf orientation below the ear (Pendleton et al., 1968; Duncan, 
1971; Winter and Ohlrogge, 1973; Pepper, 1974; Mock and Pearce, 1975) was 
not obtained. Rather, orientations of lower and upper canopies for the 
genotypes that I studied were similar (Table 48). The need to select 
maize genotypes with desirable canopy orientations Is obvious. 
Table 48. Effects of environments, plant densities, and genotypes on canopy orientation of four 
maize variety hybrids 
Environments Densities Genotypes 
Canopy Plants/hâ BSSSfR)xBSCR1 (R) BSl?.xB14A 
traits C.V.% 1975 1976 .05 59,300 98,800 .05 C.xC. C_xC, C„ ^^°.05 
U U / 7 0 6 
Upper canopy 
Leaf angle* 5.6 61.43 58.73 2.04 60.30 59.86 NS 58.48 63.18 58.30 60.35 2.82 
Ljp (cm) 17.0 45.95 48.61 NS 49.07 45.49 3.52 44.68 53.78 42.78 47.87 6.79 
Leaf length 
(cm) 5.1 91.51 86.24 NS 89.68 88.07 NS 84.58 86.85 91.17 92.90 3.83 
Leaf-orienta­
tion value 17.3 30.57 33.32 NS 33.08 30.81 NS 31.11 38.31 27.48 30.88 4.65 
Lower canopy 
Leaf angle* 5.9 62.55 59.92 NS 60.94 61.53 NS 57.43 64.58 60.48 62.43 3.04 
Lfp (cm) 11.7 49.77 52.57 NS 52.36 49.98 NS 48.97 57.23 45.78 52.68 5.03 
Leaf length 
(cm) 4.6 99.33 93.33 NS 96.03 96.62 NS 92.05 94.10 98.45 100.70 3.73 
Leaf orienta­
tion value 15.8 31.96 34.01 NS 33.75 32.23 NS 31.03 39.73 28.25 32.95 4.38 
^Degree from the horizontal. 
207 
Proportions of incident solar radiation intercepted by canopies of 
the 1975 and 1976 crops were similar (Table 49). Also, environmental 
differences for efficiencies of solar-energy use were not significant. 
Although the high plant density intercepted more incident solar radiation 
than the low density (a consequence of increased leaf area index at the 
high density), the low plant density produced more dry matter and more 
grain per unit of light interception at both ear and soil levels than the 
high plant density (Table 49). BSSS(R)CY x BSCBl(R)Cy intercepted more 
light at the ear level (ELINT) than BSSS(R)Co x BSCB1(R)CQ. On the 
other hand, canopies of BS12CQ X B14A and BS12Cg x B14A intercepted 
similar amounts of light at the ear level. Amounts of light intercepted 
by the total canopy (GLINT), and amounts of dry matter produced per unit 
light interception at the ear (DMPELINT) and soil (DMPGLINT) levels were 
similar for the four variety hybrids. Significant genotype x density 
interactions, however, revealed that BS12C^ x B14A displayed larger 
DMPELINT at the lew density than BS12Cy x B14A (2.72 and 3.64 g for BS12Cy 
x B14A and BS12C^ x B14A, respectively; LSD @5 = 0.87 g). Other similar 
comparisons were not significantly different. 
Relative to the unimproved hybrids, the improved hybrids demonstrated 
greater abilities to use solar energy efficiently. Because the hybrids 
demonstrated similar photosynthetic rates (Table 44) and their total 
canopies intercepted similar amounts of light (Table 49), this observation 
further substantiates the hypothesis that the improved hybrids possess 
greater abilities to translocate photosynthate from the leaves to the ears. 
Total dry-matter productivity was larger in 1975 than 1976 (i.e., 
18.48 vs. 15.14 mt/ha ), but differences between the two years for dry 
Table 49. Effects of environments, plant densities, and genotypes on light interception and use 
by four maize variety hybrids 
Environments Densities Genotypes 
C.V.% 1975 1976 1SD.05 
Plants/ha 
59,300 98,800 tS».05 
BSSS(R)xBSCBl(R) 
^0*S ^7*^7 
BS12xB14A 
(=0 (^6 tS».05 
Ear level 
ELINT (%) 8.5 82.80 85.98 NS 78.70 90.08 2.01 78.08 88.48 87.01 83.99 6.02 
DMPELINT(g) 25.8 3.25 2.41 NS 3.61 2.05 0.42 2.90 2.92 2.55 2.94 NS 
GRPELINTCg) 31.4 0.88 0.85 NS 1.19 0.55 0.15 0.86 1.05 0.60 0.96 0.23 
Soil level 
GLINT (%) 5.7 93.07 93.55 NS 90.81 95.81 1.97 91.91 92.03 93.74 95.58 NS 
DMPGLINT (g) 22.8 2.82 2.19 NS 3.08 1.93 0.39 2.38 2.76 2.34 2.54 NS 
GRPGLING (g) 33.2 0.77 0.77 NS 1.03 0.51 0.12 0.72 1.00 0.55 0.82 0.22 
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matter per plant was not significant (Table 50). Conversely, shelling 
percentage and harvest index were higher in 1976 than in 1975, indicating 
that more photosynthate was stored in the grain in 1976. Probably, this 
compensated for the reduced kernel weight observed in 1976 (Table 43); 
and grain yields for the two years were similar. Although dry matter per 
plant decreased with increased plant density (Table 50), difference 
between the two plant densities for total dry-matter productivity was not 
significant. This was expected because of the increased leaf area index 
of the high plant density. Shelling percentage and harvest index were 
larger at the low than at the high plant density. Evidently, high 
grain yield at the low density resulted from large photosynthetic-
surface area (Table 47), high photosynthetic rate (Table 44), high 
production of dry matter per plant (Table 50), large sink size (Table 43), 
and efficient translocation of photosynthate from the source to the sink 
(Table 50). 
Gcûûtyplc ulffcLcUces fot pcouucblon oZ total dry matter and dry 
matter per plant were not significant (Table 50). Also differences 
between improved and unimproved hybrids from the same selection program 
for shelling percentage were not significant. Harvest index of BSlZCg x 
B14A was much larger than that of BSlZCg x B14A. Similar trends were 
observed for the RRS program, but differences were not significant. 
Probably these findings resulted from high C.V.'s for this experiment. 
Harvest indices obtained in the previous study (Table 40) indicated an 
advantage for BSSS(R)C^ x BSCBl(R)Cy over BSSS(R)Co x BSCB1(R)CQ. 
Results of the study reported herein indicated that the sink rather 
than the source was limiting grain yield of BSSS(R) x BSCBl(R) and BS12. 
Table SO. Effects of environments, plant densities, and genotypes on biological and economic 
productivity of four maize variety hybrids 
Biological 
and 
economic 
Environments 
LSD productivity C.V.% 1975 1976 .05 
Densities Genotypes 
Plants/ha BSSS(R)xBSCBl(R) BS12xB14A 
LSD 
59,300 98,800 """.05 CqXCQ C^xC^ 
^0 S 
LSD 
.05 
Total dry-
matter 
(mt/ha) 22.7 18.48 15.14 
Dry matter/ 
plant (g) 20.7 259.15 203.55 
Shelling 
percentage 6.5 69.57 78.74 
Harvest 
index (%) 32.7 28.71 34.49 
3.08 16.03 17.59 NS 15.29 17.61 16.60 17.75 NS 
NS 278.12 184.59 34.57 213.89 251.15 218.94 241.43 NS 
1.60 76.10 72.21 1.99 73.86 77.58 70.59 74.60 4.04 
2.97 35.03 28.17 3.88 31.79 38.73 23.77 32.10 8.70 
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Selection for larger sink size (i.e., increased grain yield) did not 
alter the rate at which the source (i.e., photosynthetic rate) functioned. 
Apparently, changes in the pattern of photosynthate distribution were 
induced by the attempt to increase sink size. For BS12, more dry matter 
was translocated to the grain than to other plant parts; but BSSS(R) x 
BSCBl(R) increased its productivity via a prolonged grain-filling period 
and delayed maturity. Presumably, leaf area of the improved BSSS(R) x 
BSCBl(R) produced photosynthate for a longer period than its unimproved 
counterpart. Results of my study, therefore, indicated that increased 
grain yield of maize genotypes may be achieved through different channels. 
Probably, increased sink size resulted from increased numbers of kernels 
in both selection programs (i.e., nonsignificant genotypic differences for 
other yield components in Table 43) and via increased kernel size in the 
RRS program. 
Observed and predicted correlated responses to seven cycles of RRS 
for yield in BSSS(R) x BSCBl(R) are presented in Table 51. Predictions 
based on estimates of heritability and genotypic correlations between 
yield and several traits obtained from the C^xC^ agreed more closely with 
observed changes than similar estimates obtained from CQ x CQ of these 
populations. Usually, observed and predicted values differed significantly 
(i.e., predicted values fell outside the ranges that resulted from observed 
values ± twice their standard errors). Predicted changes based on 
parameters from x C^, however, did not differ significantly from 
observed changes in ear height and ear length. Bohren et al. (1966) concluded 
from theoretical studies that predictions of correlated responses across 
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Table 51. Observed and predicted correlated responses to seven cycles of 
reciprocal recurrent selection for grain yield in BSSS(R) x 
BSCBl(R) 
Total change after seven cycles 
Observed Predicted^ 
Traits (±S.E.) A B 
Plant height (cm) 7.6 ±: 2.83 -24.19 -14.18 
Ear height (cm) -2.42 ± 1.67 11.36 - 0.57 
Ear length (cm) 0.94 + 0.26 10.57 0.47 
Ear diameter (cm) 0.10 + 0.04 0.67 0.33 
Cob diameter (cm) 0.09 ± 0.02 -0.62 0.02 
Kernel depth (cm) 0.00 + 0.02 0.52 0.11 
Predicted values using estimates of heritability and genotypic 
correlations from A) CQ X CQ and B) x (Hallauer, 1971). 
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several generations were not as accurate as predictions made from one 
generation. Also, Moll and Robinson (1966) obtained poor agreement 
between observed and predicted correlated responses to selection for grain 
yield in four maize populations. My results agree with findings obtained 
by these workers. 
Mean squares fôr environments and genotypes for most traits related to 
stalk quality and resistance to corn borer and stalk-rot organisms were 
significant (Table 52). Genotype x environment interactions, also, were 
significant for Fusarlum stalk-rot ratings and stalk-breaking force. 
Additionally, mean squares for environment were considerably larger than 
those for genotypes for corn borer and stalk-rot ratings. Values obtained 
for Diplodia and Fusarlum stalk-rot ratings and breaking force were 
higher in 1975 than 1976. Probably, this difference occurred because the 
dry conditions in 1976 did not provide an optimum environment for disease 
development. Several workers (Yarwood, 1959; Van der Plank, 1968; Rahe 
etiid Kuc, 1970; Fakorede, 1976) have emphasized the importance of optimum 
environmental factors for obtaining good disease eplphytotlcs. Corn-borer 
rating was higher in 1976 than in 1975 (Table 53) because heavy rainfalls 
that occurred after artificial infestation in 1975 prevented corn borer 
larvae from developing adequately. This trend was observed for other corn-
borer experiments conducted at this location during these two years (Dr. W. 
A. Russell, Agronomy Department, Iowa State University, Ames, Iowa, 
personal communication, 1977). 
Improved hybrids from the RRS program demonstrated greater resistance 
to com borer and Fusarlum stalk-rot than their unimproved counterpart; 
Table 52. Mean squares from the analyses of variance for stalk quality (rind puncture and breaking 
force) and resistance to corn borer and stalk-rot organisms for five maize variety hybrids 
Source DF 
Mean Squares 
Corn borer DiLplodia Fusarium Rind puncture Breaking force 
Environment (E) 1 34.56*** 33.86*** 2.92*** 2.76 378.84* 
Replications/E 6 0.24 0.29 0.33** 1.14 81.15 
Genotypes (G) 4 2.01** 0.52 0.55*** 8.81*** 580.11*** 
G X E 4 0.31 0.19 0.33** 1.85 242.61** 
Pooled error 24 0.21 0.22 0.07 1.13 55.78 
Total 39 1.29 1.12 0.26 2.03 140.91 
C.V.% 16.09 11.21 8.47 7.02 10.95 
*, **, and *** indicate significant F-tests at 0.05, 0.01, and 0.001 levels of probability, 
respectively. 
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however, there were no differences among hybrids for resistance to Diplodia 
stalk-rot (Table 53). Relative to the CQ x CQ, the Cy x Cy of the RRS 
program possessed better stalk quality; but differences between Co x Co 
and Cg X C^ from this program and between hybrids from the HS program for 
Fusarium stalk-rot resistance and stalk quality were not significant. As 
I discussed previously (Chapter III) lines recombined to form BSSS(R)Cy, 
BSCBl(R)Cy, and BS12Ce were selected for resistance to corn borer and 
Diplodia stalk rot. My results indicated that resistance to Diplodia stalk 
rot was not improved by this effort. Additionally, results I obtained for 
stalk quality (Table 53) and lodging (Table 30) were In close agreement; 
and therefore, agree with previous reports (Thompson, 1972; Zuber, 1973; 
Davis and Crane, 1976). Significant genotype x environment interaction 
(Table 54) indicated that differences for Fusarium stalk-rot resistance 
and stalk quality between Cg x Cg and C7 x C7 of the RRS program largely 
occurred in 1975. Nonsignificant differences for these traits between 
BS12CQ and BS12CG, however, were consistent across years. 
E. Summary and Conclusions 
Experiments were conducted during the growing seasons of 1975 and 
1976 to 1) determine changes in agronomic, morphological, and physiological 
traits associated with recurrent selection for grain yield and 2) compare 
observed and predicted correlated responses to reciprocal recurrent 
selection in BSSS(R) x BSCBl(R). Four variety hybrids BSSS(R)Co x 
BSCBl(R)Co, BSSS(R)G7 X BSCBl^RjCy, BS12Co % B14A, and BS12Cg x B14A were 
evaluated at Iowa State University Hind's Farm, an experimental site with 
irrigation facilities. A split-plot arrangement with three replications 
Table 53. Effects of environment and genotypes on stalk quality (rind puncture and breaking force) 
and resistance to corn borer and stalk-rot organisms for five maize variety hybrids 
Corn borer Diplodia Fusarium Rind puncture Breaking force 
rating rating rating ..... .... . kg 
Environments 
1975 1.92 5.08 3.44 6.75 32.37 
1976 3.78 3.24 2.90 6.99 29.57 
LSD.05 0.30 0.30 0.18 NS 2.21 
BSSS(R) X BSCBl(R) 
^0 * S 3.39 4.29 3.44 6.31 27.33 
C5 X C3 2.39 4.26 3.28 6.40 26.38 
S * c. 2.35 3.89 2.76 7.04 33.96 
BS12 X B14A 
CO 3.34 4.46 3.29 7.22 32.46 
CE 2.76 3.90 3.06 7.35 34.78 
LSD.OS 0.47 NS 0.28 0.50 3.50 
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Table 54. Fusarium stalk-rot resistance and stalk quality (rind puncture 
and breaking force) of five maize variety hybrids grown in 1975 
and 1976 
Fusarium Breaking force 
Hybrid 1975 1976 1975 1976 
BSSS(R) X BSCBl(R) 
Cq X CQ 3.78 3.10 24.58 30.11 
C5 X Cg 3.68 2.88 28.28 24.43 
Cy X Cy 2.68 2.85 36.25 31.62 
BS12 X B14A 
Cq 3.60 2.98 36.40 28.51 
Cg 3.45 2.68 36.36 33.19 
LSD = 0.39 LSD = 4.95 
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was used each year. Plant densities (59,300 and 98,800 plants/ha) were 
main plots and hybrids were randomized to subplots. Data were obtained on 
carbon-dioxide-exchange rate, grain yield, grain-yield components, 
flowering dates, maturity traits, light interception and use, shelling 
percentage, and various other plant traits. 
Generally, observed and predicted correlated responses showed poor 
agreement. Carbon-dioxide-exchange rate (i.e., photosynthetic capacity) 
did not change appreciably with recurrent selection for grain yield. Grain 
yield per hectare and grain yield per plant were larger for the improved 
than the unimproved hybrids. Grain-yield components did not change 
significantly with recurrent selection for yield. Kernel weight of 
BSSS(R)C7 X BSCB1(R)C7, however, was larger than kernel weight of its 
unimproved counterpart. Additionally, maturity date for C7 x C7 of the 
RRS program was considerably later than that for the CQ X CQ; however, 
maturity dates for hybrids from the HS program were identical. Tassel 
sizes of iîsproved hybrids were appreciably ««nailer than those of the 
unimproved hybrids. Furthermore, improved hybrids were characterized by 
more upright canopies than unimproved hybrids. Usually, plant traits, 
and leaf area and leaf-area-related traits were similar for all hybrids. 
Although dry-matter productivity was similar for all hybrids, those 
improved by recurrent selection produced more grain per unit leaf area, 
per unit light interception, and per plant than their unimproved counter­
parts. Also, BS12Ce X B14A was characterized by higher harvest index 
than BS12Co x B14A. 
It was concluded that the source (i.e., photosynthetic capacity) was 
not limiting grain yield in BSSS(R) x BSCBl(R) and BS12. Probably, 
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increased grain yields that resulted from recurrent selection were 
consequences of longer duration of grain filling in BSSS(R) x BSCBl(R) 
and increased translocation of photosynthate from source to sink in both 
BSSS(R) X BSCBl(R) and BS12 x B14A. 
Improved hybrids demonstrated greater resistance to corn borer but 
not to Diplodia stalk rot. BSSS(R)C7 x BSCB1(R)C7 was more resistant to 
Fusarium stalk rot and possessed better stalk quality than its 
unimproved counterpart. Differences between BS12CQ and BS12CG for 
these traits were not significant. 
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VI. NITRATE-REDUCTASE ACTIVITY 
A. Introduction 
Nitrate (NOg) is the most common form of nitrogen (N) available to 
plants, and is the form that plants readily absorb and use. Once in the 
plant, however, NOg must be reduced to ammonia (NH^) before it can be 
incorporated into plant materials. The first step in this reaction 
involves reduction of nitrate to nitrite, and the enzyme associated with 
this process is nitrate reductase (NR). Rate of reduction of NO3 to NH4 
in plants depends upon the rate of this initial step, furthermore, the 
level of nitrate reductase activity (NRA) is greatly influenced by the 
amount of NOg absorbed from the soil by plant roots and translocated to 
the leaves. 
Because of the importance of nitrogen in the production of crop yields 
(especially maize grain and protein yields), one would expect increased 
NRA in maize leaves to be positively correlated with maize grain and grain-
protein yields. Although these relationships have not been established 
conclusively, there is evidence in the literature that NRA and maize 
grain-protein are positively correlated. Therefore, there is need to test 
the hypothesis that high-grain-yield maize genotypes have higher levels of 
NRA than low-gain-yield genotypes. This would suggest that, because of 
linkage or plaiotropiss. selection for one of the traits would result in 
a positive correlated response in the other. 
Maize populations that have been improved by several cycles of 
recurrent selection for grain yield per se should be appropriate materials 
for testing this hypothesis because if NRA and grain yield are positively 
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correlated, one would expect the improved cycles of these populations 
to show higher NRA than the original population. In the studies reported 
in this chapter, therefore, I examined the relationship between grain yield 
and NRA in maize populations that had been improved for grain yield by 
several cycles of recurrent selection. Also, I investigated 1) the 
response of NRA to levels of nitrogen fertility and 2) the effects of 
enhanced interplant competition (produced by high plant density) on NRA. 
B. Review of Literature 
In recent years, plant breeders, in cooperation with crop physiolo­
gists, have been interested in identifying indirect selection criteria 
for improved productivity in crop plants. Use of yield COTuponents and 
ideotypes are examples of such criteria that have become important in the 
last decade. Crop researchers at the University of Illinois have 
suggested that enzyme activities may have potential as indirect selection 
criteria for improved maize grain yield (Hageman, Leng, and Dudley, 1967). 
Their suggestion was based upon the premise that synthesis of all enzymes 
is under genetic control and many enzymes are important in regulating rates 
of metabolic processes in plants. One of the enzymes that has received 
considerable attention for maize selection programs is nitrate reductase, 
the enzyme that catalyzes reduction of nitrate (NOj) to nitrite (NO^) in 
plant leaves (Hageman et al., 1967). This conversion is the rate-limiting 
step in the reduction of nitrate to ammonia (Schrader et al., 1968; Beavers 
and Hageman, 1969; Eck et al., 1975). Consequently, improvement of the rate 
of this reaction in maize should lead to more rapid nitrogen assimilation, 
increased vegetative vigor, and, possibly, increased grain yield. 
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Results of field studies have not shown consistently that increased 
levels of NRA in maize will lead to a grain-yield increase. Zieserl, 
Rivenbark, and Hageman (1963) studied the relationship between grain 
yield and NRA in four maize hybrids known to differ significantly for 
grain yield. Two of the hybrids, Hy2 x Oh7 and Illinois 1996, had 
significantly higher NRA than the other two hybrids, WF9 x Oh? and WF9 x 
C103; but in this study, grain yields of the four hybrids were not 
significantly different. Ranking the hybrids with respect to NR content, 
however, agreed with their previously established yield performance. 
In other studies, Hageman et al. (1961) and Zieserl et al. (1963) have 
observed positive relationships between NRA and concentration of water-
soluble protein in maize leaves but not between NRA and grain yield. 
Deckard, Lambert, and Hageman (1973) grew six maize hybrids at 59,300 
and 79,000 plants/ha and applied 337 kg N/ha nitrate-nitrogen (NO^-N) at 
three stages of growth, 14 days after tassel initiation, tassel emergence, 
and silking. Nitrate reductase activity of the total canopy of these 
hybrids (expressed as seasonal averages or converted to seasonal input 
of reduced N) showed significant positive correlations with grain protein 
(r = 0.66), grain yield (r = 0.62), and total reduced N in the above-
ground dry matter at maturity (r = 0.61). Highest correlations of NRA 
with yields of grain and grain protein were obtained during ear initiation 
and ear development. Deckard et al. (1973) suggested that use of manage­
ment practices or maize genotypes that would enhance the level of NRA or 
lengthen the period of its activity during the reproductive phase of 
development should enhance grain yield. Additionally, data of Deckard 
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et al. (1973) showed NR to be a substrate-inducible enzyme. Each 
supplemental nitrogen treatment, regardless of time of application or 
genotype, significantly increased leaf-blade nitrate concentration and NRA. 
Each successive N application, however, was less effective in increasing 
and maintaining leaf NOg-content and enzyme activity than the previous 
application. At the post-anthesis stage, none of the hybrids was able 
to maintain a high concentration of leaf-blade nitrate even through massive 
amounts of NO^-N were applied to the soil. Probably, this occurred 
because enzyme activity was at a level that permitted NO^ to be reduced 
as soon as it was translocated to the leaves. This phenomenon should be 
expected during grain filling in maize because of the high sink demand 
during this stage of development. Similar observations were made for 
soybeans (Harper, 1974). 
Determinations of diurnal variations as well as seasonal and 
canopy profiles for NRA have been made by some researchers. Hageman et al. 
(1961) reported significantly higher levels of NRA and water-soluble 
protein in maize at 1:00 p.m. than at 5:00 a.m. Contrarily, concentration 
of NO3-N in leaves was higher at 5:00 a.m. than at 1:00 p.m. These 
results, and those of Zleserl et al. (1963), suggest an inverse relation­
ship between concentration of leaf NO^-N and NRA. Furthermore, Hageman 
et al. (1961) showed that NRA, water-soluble protein, and NO^-N content 
in leaf tissue decreased from top to bottom canopy layers of maize hybrids 
they studied. Similar results were reported for soybeans (Harper et al., 
1972). 
Nitrate reductase is quite sensitive to variation in environmental 
factors. Hageman et al. (1961) observed decreased levels of NRA with 
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reduced light intensity resulting from artificial shading of plants or 
from increased plant density. Magnitudes of reduction of activity, 
however, were genotype dependent. Working with maize, Zieserl et al. 
(1963) showed a progressive decrease in NRA, protein content, and grain 
yield per plant as plant density increased from 9,884 to 64,246 plants/ha. 
Similarly, Deckard et al. (1973) observed a consistent decrease in level 
of NRA as plant density Increased from 59,300 to 79,000 plants/ha. 
Hageman and Flesher (1960) used two single-cross hybrids of maize 
to study the effects of light Intensity on NRA. Young plants placed in 
total darkness for 48 hrs lost 90% of their NRA, but activity was quickly 
restored when the plants were returned to the light. Also, these 
researchers grew maize plants under artificial shade in the green house, 
and nitrate reductase activity in these plants decreased in proportion 
to the amount of shading imposed, suggesting light played a role in 
the induction of NR. Subsequently, indirect effects of light on NR 
Induction in radish cotyledons and maize seedlings was demonstrated by 
Beavers et al. in 1965. They observed that NRA occurred when the seedlings 
of both species were grown in the dark. Levels of NRA in the dark, 
however, were much lower than those in the light. Beavers et al. (1965) 
also reported that Induction of NR was temperature-dependent. Maximum 
induction temperatures were 31 and 38 C for radish and maize seedlings, 
respectively. 
Soil moisture status also may Influence diurnal variation in level of 
NRA. An immediate effect of moisture stress on NRA of maize plants was 
observed by Mattas and Pauli (1965). Level of activity continued to 
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decrease significantly for the first four days of stress and thereafter, 
it remained at a relatively constant low rate. Decreased NRA was noted 
before changes in water status were evident in the plants. Bardzik, 
Marsh, and Havis (1971) observed similar results and suggested that the 
level of enzyme activity was a consequence of an equilibrium between 
rates of synthesis and degradation, and that progressive tissue degradation 
reduced both the synthesis and the activation of the enzyme. Mattas and 
Pauli (1965) showed that total Kjeldahl nitrogen per plant Increased 
rapidly during the initial water-stress period and remained fairly 
constant thereafter. This accumulation of plant nitrogen probably 
resulted from decreased NRA. 
Unlike studies of canopy profiles and diurnal variations, studies of 
seasonal profiles of NRA in maize have been inconclusive., In three 
single-cross and one double-cross maize hybrids, highest NRA was 
observed during the vegetative stage, followed by a marked decrease during 
tasseling and an Increase during grain filling (Zieserl et al., 1963). 
Magnitude of NRA during grain-filling, however, was lower than at the 
vegetative stage. In another study, NRA increased up to 30 days after 
planting after which it consistently decreased (Deckard et al., 1973). 
These results were found for all plant densities and maize genotypes 
studied. Application of supplemental NOg-N increased NRA, but these 
levels did not reach the highest level of enzyme activity observed at 30 
days after planting. Bimodal peaks for NRA were observed for genotypes 
exhibiting maximum phenotypic expression of NRA at the seedling stage 
(Warner, 1968). Level of activity at this stage were distinct 
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genotyplcally. Warner (1968) concluded that plant samples harvested and 
assayed at the peak of activity would maximize the phenotyplc differentia­
tion among genotypes for NBA. Maximum phenotyplc expression of NRA at 
seedling stage of maize is desirable because this would permit screening, 
selection, and recombination of genotypes within one growing season. 
Few reports are available on the genetics of NRA. Zieserl and 
Hageman (1962) observed a wide range of NRA among 47 inbred lines of maize. 
Genotypic differences were significant statistically, and these authors 
concluded that level of NRA in maize was under genetic control. Further­
more, Zieserl and Hageman (1962) compared NRA of single-cross hybrids with 
their parents and found no evidence for heterosis. These preliminary data 
suggested an additive mode of gene action. Schrader et al. (1966) classified 
maize inbreds as displaying low NRA or high NRA. High x high crosses 
produced Fj hybrids with NRA below mldparental values, levels of NRA for 
high X low hybrids were equal to mldparental values, and low x low crosses 
exhibited heterosis relative to the higher parent. Warner et al. (1969) 
studied the mode of inheritance of NRA in maize by examining the Inbreds, 
B14 and Oh43, the F^ hybrid between them, backcrosses of the F^to each 
parent, F^, F^, and F^ families in the field and in growth chambers. 
Results showed that B14 and Oh43 differed for NRA at two loci. Further­
more, each inbred was homozygous for a dominant or partially dominant 
allele at one locus and homozygous recessive at the second locus. The 
locus at which B14 had the dominant allele was recessive in Oh43. Oh43 
possessed both a higher rate of NR synthesis and a higher loss of enzyme 
activity (decay) than B14. 
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Eck et al. (1975) estimated both broadsense and narrowsense herltabll-
ity values for NRA in 41 cultlvars of grain sorghum (Sorghum sp.). A major 
component of the phenotyplc variance observed for these cultlvars was a 
result of highly significant genotype x environment interaction effects. 
Broadsense heritability estimates were high (71 to 92%) and, except for 
those obtained for 18-day old plants (53 to 64%), narrowsense heritability 
estimates were low (0 to 40%). These workers concluded that only moderate 
Improvement could be expected from selection for high NRA. in sorghum. 
C. Materials and Methods 
I studied the relationship between grain yield and NRA in experiments 
grown in 1975 and 1976. Genetic materials and field design described for 
experiments reported in Chapter IV were used in Experiment I. Plants were 
sampled and assayed for NRA from the low (39,500 plants/ha) and high 
(98,800 plants/ha) plant densities at Bruner Farm. Additionally, plants 
were sampled and assayed for NRA from the experiment grown at Hind's 
Farm that was discussed in Chapter V (Experiment II). 
Nitrate-reductase activity was assayed at three growth stages (i.e., 
vegetative, anthesis, and grain-filling) by the in vivo technique described 
by Klepper, Flesher, and Hageman in 1971. These growth stages correspond 
to Hanway's (1971) growth stages 3.0 to 3.5 (NRA 1), 5.0 (NRA 2), and 7.0 
(NRA 3). The most recently expanded leaf, the leaf isSinediately below the 
flag leaf, and the flag leaf were sampled for assay at NRA 1, NRA 2, and 
NRA 3, respectively. I used two leaf punches from one competitive plant 
per plot in 1975, and one leaf punch from each of five random plants per 
plot in 1976. Leaves were sampled by excising their distal 40 cm, cutting 
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a rectangular section (0.8 to 1.2 cm long and 1.2 to 1.5 cm wide), and 
placing the section in water-proof paper bags (i.e., ear-shoot bags used 
by most maize breeders). Leaf sections obtained from the same plot were 
kept in one bag, labelled, and transported to the laboratory in an 
insulated styrofoam box containing ice. Usually, plants were sampled on 
clear days between 10:00 a.m. and 1:00 p.m.. Central Standard Time. In 
the laboratory, leaf sections were blotted dry with paper towels, weighed, 
and returned to the box until they were assayed. 
Leaf tissues were assayed for NRA in large test tubes containing 
infiltration medium (7 ml). The infiltration medium was composed of 0.2 M 
1 
KNOg, 0.1 potassium phosphate buffer solution (pH=7.5), and 5% (V/V) 
propanol (for increased membrane permeability). The test tubes were 
i n c u b a t e d  f o r  2 0  m i n u t e s  i n  t h e  d a r k  i n  a  w a t e r  b a t h  s e t  a t  3 1  ±  1 C .  
It has been shown by Klepper et al. (1971) and verified by others (Streeter 
and Bosler, 1972; Ferrari, Yoder, and Filner, 1973) that NRA under these 
eoriuicions increased linearly with time for at least one hour if exogenous 
nitrate (KNO^ in my study) was added to the infiltration medium. I used 
20 minutes incubation time to permit assay of a complete experiment in one 
day. After 20 minutes, test tubes were removed from the water bath and the 
reaction was stopped by adding 1 ml of 1% (W/V) sulfanilic acid (NHgCgH^^ 
SOgH-HgO) in 1.5 N HCl, and 1 ml of 0.02% (W/V) N(l-Naphthyl )-ethyl-
enediamine. Dihydrochloride was added for color formation. Contents were 
mixed by inverting the test tubes, and color was allowed to develop for 
^The phosphate buffer solution contained O.IM KH_PO. (pH=4.3) and 
KgHPO^ (pH=9.2). ^ ^ 
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five minutes. Âbsorbancy was determined by reading each sample in a 
Beckman DU spectrophotometer at 540 my. I calibrated the spectrophoto­
meter with a blank sample that was treated similarly to the assay samples 
but without leaf tissue. Activity was expressed as micromoles of nitrite 
per gram fresh weight per hour (ym NO^- gfw ^ hr 
Combined analysis of variance was performed for each experiment with 
years, nitrogen rates, plant densities, genotypes, and growth stages as 
main effects in Experiment I, and years, plant densities, genotypes and 
growth stages as main effects in Experiment II. Differences between means 
for significant main effects and interaction effects were tested by 
appropriate LSD values. 
D. Results and Discussion 
Mean 5IRA values were similar for 1975 and 1976 in Experiment I, 
but higher values were obtained in 1976 than 1975 in Experiment II (Table 
55). Significant year x growth stage interactions were obtained in both 
experiments (Figure 31). NRA at the vegetative stage (i.e., NRA 1) was 
higher in 1976 than 1975 for both experiments, but NRA at anthesis (i.e., 
NRA 2) was higher in 1975 than 1976 in Experiment I only. Probably, the 
nonsignificant year effect for Experiment I resulted from seasonal trends 
for the two years being in opposite directions. NRA values during grain 
filling (i.e.; NRA 3) in Experiment II were higher in 1976 than 1975, 
Maximum activity occurred during anthesis and the vegetative stage in 1975 
and 1976; respectively. 
The reason for differences in seasonal trends for NRA is not known 
but they could have resulted from variations in the weather patterns 
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Table 55. Mean nitrate reductase activity for five (Experiment I) or four 
(Experiment II) maize variety hybrids grown at two plant 
densities in 1975 and 1976 
a b 
Experiment I Experiment II 
Activity, ym NO^" gfw"^ hr~^ 
Year 39,500^ 98,800 X year 59,300 98,800 X year 
1975 2.57 2.05 2.31 1.89 1.58 1.73 
1976 2.49 2.06 2.28 2.72 2.47 2.60 
X Density 2.53 2.06 2.30 2.02 
® LSD for years = NS, densities = 0.33, and year x density 
interaction = 0.47. 
^LSD for years = 0.51, densities = NS, and year x density 
interaction = 0.81. 
/'tlQ . 
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figure 31. Seasonal profiles of nitrate reductase activity for 
maize variety hybrids grown in 1975 and 1976 
(* and ** significant at 0,05 and 0,01 levels of 
probability, respectively) 
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characteristic of 1975 and 1976. Spring 1975 in central Iowa was 
abnormally wet and could have resulted in leaching of soil nitrogen beyond 
the vegetative root zone; consequently, NEA would be reduced because the 
enzyme is substrate inducible (Deckard et al., 1973). Dry conditions 
prevailed in central Iowa during anthesis in 1975. Probably, moisture was 
stored lower in the soil and maize roots extended to depths where the 
previously leached nitrogen was trapped, thereby inducing increased rates 
of NRA. Spring rainfall was near normal in 1976 and nitrogen absorption 
by roots probably was near normal also. As the season progressed, however, 
moisture became limiting, and, likely, roots extended beyond the depths 
where soil nitrogen was available. Enzyme activity would be expected to 
decrease under such conditions. The decreased NRA 3 relative to NRA 2 
observed both years was expected (Deckard et al., 1973) because of the 
high sink demand during grain filling. Also, seasonal trends observed in 
1976 agreed closely with trends reported for maize (Zieserl et al., 1963; 
Warner, 1968; Deckard et al., 1973), soybeans (Harper et al., 1972), and 
sorghum (Eck and Hageman, 1974). 
Higher levels of enzyme activity occurred at the low than at the high 
plant density in Experiment I, but differences between densities in 
Experiment II were not significant (Table 55). Previous studies (Hageman 
et al., 1961; Zieserl et al., 1963; Deckard et al., 1973) have shown that, 
because of reduced light intensity In the canopy, NRA decreased with 
increased plant density. These results, however, usually occurred for 
plant densities that were extremely different; for example, Hageman et al. 
(1961) compared NRA at 9,875 and 69,150 plants/ha. Differences for NRA 
233 
between less extreme levels of plant density were small (Zieserl et al., 
1963; Deckard et al., 1973). Analysis of Experiment II revealed signifi­
cantly higher NRA 2 at the low than at the high plant density (Table 56), 
especially in 1975. 
Data stimmarized in Figure 32 agree with previous findings (Deckard 
et al., 1973) and demonstrate that NRA is substrate inducible. Similar 
to response of grain yield to nitrogen (Figure 7), NRA increased as nitro­
gen rates increased from 0 to 180 kg/ha (Figure 32). This trend was 
obtained for plant densities, NRA 1, and NRA 2 (Figure 33), but NRA 3 
demonstrated an increasing trend across all nitrogen levels (Figure 33). 
Because NRA 3 was significantly lower than NRA 1 and NRA 2, one could 
suggest that nitrogen supply was lower during grain filling than earlier 
stages of development. High nitrogen levels during grain filling 
should result in increased enzyme activity. Differences in NRA between 
growth stages could also be consequences of leaf age, i.e., leaves 
ûiëââuifêu NRA 3 wêfê ùldêf than ithùâê mêââurêd ât NRA 1 and NRA 2 and 
probably possessed lower amounts of enzyme. Another possible reason for 
differences is the amount of energy supplied from the chloroplast to the 
cytoplasm where NR is active (Ritenour et al., 1967; Schrader et al., 
1967). Nitrate reductase activity depends on photosynthate for energy 
(Klepper et al., 1971) and because of the high sink demand during grain 
filling, energy supply to the leaves during NRA 3 would be lower than 
during NRA 1 and NRA 2. Perhaps, high grain yield (i.e.. Increased 
translocation of photosynthate from source to sink) would be associated 
with low NRA during grain filling. 
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Table 56. Nitrate reductase activity obtained at three growth stages for 
four maize variety hybrids grown at two plant densities in 
Experiment II during 1975 and 1976 
- -1 -1 Activity, pmNO^ gfw hr 
Vegetative stage Anthesis stage Grain-filling stage 
Year 59.300* 98,800 59.300 98.800 59,300 98.800 
1975 1.96 2.32 3.11 2.09 0.59 0.32 
1976 4.64 4.05 2.59 2.47 0.93 0.89 
X Density^ 3.30 3.19 2.85 2.28 0.78 0.60 
^Plants/ha. 
^SD for density x growth stage interaction and year x density x 
growth stage interactions are 0.45 and 0.64, respectively. 
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Across years, significant differences between low and high plant 
densities occurred only at 90 kg N/ha (Table 57). Significant nitrogen x 
density x year interactions, however, revealed that these differences 
largely occurred in 1976. Also, I observed significant effects for 
nitrogen x density x growth stage interaction (Table 58). Differences 
between plant densities at 90 kg N/ha were significant for all growth 
stages, but density effects were significant only at 180 and 270 kg N/ha 
for NRA 1 and NRA 2, respectively. Evidently, differences between plant 
densities for NRA occur only at certain nitrogen levels. 
Nitrate-reductase activity for the hybrids I studied increased with 
increased nitrogen (Figure 34). Generally, each hybrid showed a 
curvilinear response to nitrogen. BS12CQ demonstrated greater NRA across 
nitrogen levels than its improved counterpart. Trends between genotypes 
from the RRS program were not consistent. 
Differences among genotypes for NRA were significant in Experiment I 
but not in Experiment II (Table 59). Variety hybrids of BSSS(R) and 
BSCBl(R) had similar NRA values, but Improved hybrids of these populations 
differed significantly for grain-yielding ability (Figure 8). Recurrent 
selection for grain yield, therefore, did not affect NRA in BSSS(R) and 
BSCBl(R). Perhaps grain yield and NRA are controlled by different genetic 
systems in these maize populations. During the vegetative stage, NRA of 
Cy X Cy was significantly higher than NRA of the other hybrids from this 
program (Table 59). Means presented in Table 60 Indicate that significant 
differences between BSSS(R)CQ X BSCB1(R)CQ and BSSS(R)CY x BSCBl(R)Cy 
occurred at the low density at 90 and 180 kg N/ha, and at the high density 
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Table 57. Nitrate reductase activity for five maize variety hybrids grown 
at four nitrogen rates and two plant densities in Experiment I 
during 1975 and 1976 
-1 -1 
Activity, ym gfw hr 
0^ 90 180 270 
Year 39,500^ 98.800 39.500 98,800 39.500 98.800 39.500 98,800 
1975 1.69 1.14 2.01 1.47 2.90 2.88 3.66 2.70 
1976 1.11 .80 2.98 1.66 3.89 2.45 2.51 3.33 
X Density^ 1.40 .97 2.50 1.56 3.15 2.67 3.08 3.02 
^Kg N/ha. 
^Plants/ha. 
c 
LSD for nitrogen x density and density x nitrogen x year 
interactions are 0.66 and 0.93, respectively. 
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Table 58. Nitrate reductase activity obtained at three growth stages for 
five maize variety hybrids grown at four nitrogen rates and 
two plant densities in Experiment I 
-1 -1 
Activity, wm NOg" gfw hr 
Vegetative stage Anthesis stage Grain-filling stage 
Kg N/ha 39.500* 98.800 39.500 98,800 39,500 98.800 X Nitrogen 
0 1.58 1.14 1.71 1.38 0.91 0.39 1.19 
90 3.07 1.84 2.64 1.75 1.78 1.10 2.03 
180 4.00 2.72 3.34 3.13 2.10 2.15 2.91 
270 3.34 3.80 3.54 2.61 2.37 2.64 3.05 
X Density^ 3.00 2.38 2.81 2.22 1.79 1.57 
^Plants/ha. 
b 
LSD Qc for nitrogen = 0.56, Density x growth stage = NS, and 
nitrogen x'density x growth stage = 0.67. 
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Figure 34. Response of nitrate reductase activities for five maize variety hybrids to nitrogen 
rates 
o 
Table 59. Nitrate reductase activity obtained at three growth stages for five (Experiment I) or 
four (Experiment II) maize variety hybrids 
Experiment Experiment 11^ 
Activity, ym NO^" gfw~^ hr ^ 
Hybrid 
Vegetative 
stage 
Anthesis 
stage 
Grain-
filling 
stage X Hybrid 
Vegetative 
stage 
Anthesis 
stage 
Grain-
filling 
stage X Hybrid 
BSSS(R) xBSCBl(R) 
^0 * ^ 0 2.47 2.70 1.80 2.32 3.46 2.85 0.63 2.31 
S * ^5 2.68 2.70 1.68 2.35 -
-
- -
CY X CY 3.41 2.55 1.51 2.49 3.19 2.78 0.84 2.27 
BS12 X B14A 
S 2.64 2.60 1.78 2.34 3.25 2.44 0.70 2.12 
S 2.23 2.02 1.62 1.96 3.08 2.20 0.56 1.94 
X Growth stage 2.69 2.51 1.68 3.24 2.57 0.68 
^LSD fo^ hybrid = 0.28, growth stage = NS, and hybrid x growth stage = 0.53. 
LSD Qg for hybrid = NS, growth stage = 0.32, and hybrid x growth stage = NS. 
Only four hybrids were studied in Experiment II. 
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Table 60. Nitrate reductase activity obtained at the vegetative stage 
for three maize variety hybrids grown at four nitrogen rates 
and two plant densities in Experiment I 
Activity, ym NOg" gfw ^ hr ^ 
0^ 90 180 270 
Hybrid 39,500^ 98.800 39.500 98.800 39.500 98.800 39.500 98,800 
BSSS(R) X 
BSCBl(R) 
'0 X s 1.61 0.97 2.61 1.63 3.25 2.51 3.78 3.44 
'5 X s 
1.90 1.04 3.06 1.82 4.49 2.52 2.81 3.78 
'7 
X 
s 
1.66 1.50 4.35 2.29 5.24 3.16 3.99 5.20 
^Kg N/ha. 
"Plants/ha. LSD = 1.49. 
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at 270 kg N/ha. Probably, BSSS(R)C^ x BSCB1(R)C^ absorbed and converted 
larger amounts of nitrogen during vegetative growth than Its unimproved 
counterpart. Visual observations suggested that x was more vigorous 
than CQ X CQ during this growth stage, indicating that the Improved hybrid 
supplied more photosynthate and more nitrogen for NRA than its unimproved 
counterpart. 
BS12CG displayed significantly lower NRA than its unimproved counter­
part, and this difference occurred primarily during anthesis (Table 59). 
Grain yield of BS12CG was significantly larger than that of BS12CQ (Figure 
9). One could hypothesize that NRA and grain-yielding ability in this 
population are negatively associated. Data in Table 39 demonstrated that 
BS12CG translocated more dry matter to grain than BS12CQ, and since NRA 
depends upon photosynthate for energy, the enzyme system obtained greater 
amounts of photosynthate in the CQ than the C^. These data corroborate 
my hypothesis that NRA and grain yield are negatively associated in this 
population. 
Overall, differences for NRA between genotypes from the RRS program 
were not significant; however, NRA of x Cy was higher than that of its 
unimproved counterpart at the vegetative stage. NRA of genotypes from 
the HS program demonstrated a negative association with grain yield. Two 
reasons are proposed to explain my results. The first reason is differ­
ences among testers used in each recurrent selection program. Data from 
several studies (summarized by Hallauer in 1975) Indicated that a good 
tester should be homozygous recessive at the loci controlling the trait 
under selection. B14 has low NRA levels (Zieserl and Hageman, 1962; 
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Schrader et al., 1966; Warner et al., 1969); therefore, this inbred was 
an appropriate tester for NRA in BS12. BSSS(R) and BSCBl(R) were recipro­
cal testers, and they might not discriminate NRA differences if frequencies 
of alleles controlling NRA are similar in both populations. The second 
reason is that the relationship between NRA and grain yield is facultative. 
Lerner (1958) suggested that facultative correlated responses occur 
because of differences in combinations of alleles in one population 
relative to another; i.e., yield alleles were associated with NRA alleles 
with "plus" effects in BSSS(R) x BSCBl(R) and with "minus" effects in BS12. 
Perhaps, this concept explains why positive associations between grain 
yield and NRA in maize have been found in some studies but not in others. 
I concluded from this study that: 1) nitrate-reductase activity 
is substrate inducible, 2) higher nitrate-reductase activity will occur 
at low than high plant densities if the density range is extreme, 3) 
differences between plant densities may vary with nitrogen levels and 
growth stage, and 4) a negative association exists between nitrate-
reductase activity and grain yield in BS12. 
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VII. GROWTH ANALYSIS 
A. Introduction 
Grain yield Is a function of numerous biochemical and physiological 
processes that operate throughout the life cycle of crop plants. It has 
been shown, for example, that potential number of ears per plant and number 
of kernels per ear are determined early during the ontogeny of maize 
(Hanway, 1971). On the other hand, actual grain yield depends upon the 
amount of photosynthate produced and translocated to the kernels after 
anthesls. Mutual relationships between source and sink have been 
investigated by Injecting radioactive carbon dioxide (^^COg) into maize 
leaves. These investigations have shown that when sink size was limiting, 
photosynthate was translocated principally to the stalks (Tripathy, Eastin, 
and Schrader, 1972; Alofe and Schrader, 1975); and when the source was 
limiting, photosynthate moved from the stalks into the grains (Tripathy 
et al.. 1972). 
Results I obtained from previous experiments indicated grain-yield 
increases that resulted from recurrent selection were consequences of 
longer duration of the grain-filling period in BSSS(R) x BSCBl(R) and 
increased translocation of photosynthate from source to sink in both 
BSSS(R) X BSCBl(R) and BS12 x B14A. The studies reported in this chapter 
were conducted to examine production and partitioning of photosynthate by 
the Improved and unimproved variety hybrids of BSSS(R) x BSCBl(R) and 
BS12 X B14A throughout the growing season. Components of crop growth and 
development can be quantified by "growth analysis", a procedure Involving 
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calculation of various growth parameters from plant dry-weight and leaf-
area measurements obtained at regular intervals during the growing season. 
Specifically, my objectives were to 1) determine changes in growth 
traits associated with recurrent selection for grain yield per se, 2) 
compare the partitioning of photosynthate into different plant organs by 
unimproved and improved maize variety hybrids, and 3) investigate the 
effects of plant density on growth parameters and dry-matter distribution 
of four maize variety hybrids. 
B. Review of Literature 
Methods used to quantify components of crop growth and development, 
that were originally developed by British plant scientists (Gregory, 1917; 
Blackman, 1919; Briggs, Kidd, and West 1920), are collectively known as 
"growth analysis". In growth analysis, "growth" is defined as an 
increase in dry weight of plants over time. An advantage of growth 
analysis is that the measurements on which it is based are easily obtained 
without great demands on laboratory equipment. Usually, these measure­
ments include dry weights of whole plants or plant organs (stems, leaves, 
whole shoots, etc.), and the dimensions of the assimilatory apparatus 
(leaf area, leaf and stem area, chlorophyll content, etc.). A major draw­
back to growth analysis is that growth parameters of individual plants 
cannot be determined because harvesting of plants is destructive. 
Consequently, growth analysis has been used more often in ecological and 
physiological studies than in genetic and plant breeding investigations 
(Kvet et al., 1971). Details on the theoretical bases, assumptions, and 
mathematical formulae for growth analysis have been reviewed previously 
247 
(Watson, 1952; Radford, 1967; Kvet et al., 1971). Herein, I will review 
only the literature pertinent to genotypic differences for growth parame­
ters and the relationship between the growth parameters and economic yields 
in crop species. 
Research on the physiological bases for yield differences in dry 
beans, Phaseolus vulgaris L., was initiated at Cornell University, Ithaca, 
New York in 1954, using varieties differing in yield by as much as 30%. 
Differences among dry bean cultivars for leaf area, leaf area ratio (LÂR), 
and relative growth rate (RGR) were obtained in this study (Wallace and 
Hunger, 1966). High leaf areas and LAR's were associated with high seed 
yields. Differences in net assimilation rate (NAR) were inconsistent, and 
generally, nonsignificant. Wallace and Hunger (1966), however, failed to 
find significant correlations between growth parameters and grain yield 
of 11 pea (Pisum sativum L.) cultivars Loach (1970) found that NAR during 
late, but not early, growth stages was correlated with yields of sugar 
beet (Beta vulgaris L.) varieties. Watson (1952) reviewed the contributions 
of leaf area and NAR to biological and economic yields. From data 
obtained over several years for wheat (Tritium vulgare L.), sugar beet, and 
potato (Solanum tuberosum), he concluded that varietal, fertilizer, and 
seasonal effects on economic yields were highly correlated with variations 
in leaf area but not NAR. Similarly» Wallace, Ozbun, and Hunger (1972) 
reported for both "marrow" and "yelloweye" dry beans that the high-yielding 
varieties usually had about 10% more leaf area than low-yielding ones. 
Net assimilation rate, RGR, and relative leaf growth rate (RLGR) of 
soybeans [Glycine max (L.) Merrill] declined as the growing season 
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progressed and plant density was increased (Buttery, 1969). Growth rate 
and LAI, however, increased with increased plant density. Application 
of fertilizer increased biological yields by delaying the decline in NAR 
and crop growth rate (CGR). Buttery and Buzzell (1972) detected 
significant cultivar differences in mean NAR, RGR, LAR, and specific leaf 
weight (SLW) among 21 soybean cultivars grown in five field tests over a 
three-year period. In another study (involving 23 cultivars), these 
workers observed genotypic differences for LAR and SLW only. Comparisons 
of progenies with their parents showed that selection for yield was 
associated with increased NAR and SLW, and decreased leaf area, LAR, and 
total dry weight. They found no definite relationship between CGR and 
grain yield. 
Several studies on growth of small grains have been conducted. Stoy 
(1965) studied the growth and development of three varieties of spring 
wheat, Triticum aestivum L., em. Thell, that differed significantly for 
grain yield. Differences between the varieties for growth parameters 
[e.g., NAR, LAI, leaf area duration (LAD), etc.] measured before ear 
emergence were not significant. After ear emergence, the highest-yielding 
variety showed distinctly higher values for NAR, and exhibited larger leaf 
area (particularly of the flag leaf) for a longer period of time (i.e., 
longer LAD) than the other two varieties. These resulted in deposition 
of greater dry matter in the ears of the high-yielding variety. Khan and 
Tsunoda (1970a) noted genotypic variation in plant weight, LAR, RGR, leaf 
area, leaf weight, and NAR among 20 strains of Triticum and Aegllops 
that were different for ploidy level and growth habit. In a study involving 
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six cultivated Pakistani wheats. Khan and Tsunoda (1970b) observed that the 
high-yielding, semi-dwarf Mexi-Pak cultivar had lower RGR, LAR, leaf area, 
and total plant weight than poor-yielding cultivars. Brinkman and Frey 
(1977) performed growth analyses on sets of four early and four mid-
season isolines of oats (Avena sativa L.) that displayed significant grain-
yield differences. In both series, high-yielding isolines derived fromC:. I. 
8079 and C.I. 7171 demonstrated long LAD's, plus high GR's, and RGR's. 
Long LAD'S were attributed to increased growth of leaf numbers 4, 5, and 6 
in the canopy. Also, isolines characterized by Improved LAD had increased 
LAR's which accounted for the increased RGR. These authors concluded that 
increased production of photosynthate resulted from increased LAD; GR, RGR, 
and grain yields increased accordingly. Similarly, Pazos (1976) found 
that leaf area and LAD were the only growth parameters associated with 
high grain yield among isolines derived from Grundy and Clintford oat 
varieties. 
Sorghum species adapted to Nigerian conditions are tall, late-
maturing, and characterized by production of large amounts of dry matter 
and low grain yields. In an effort to identify the factors limiting grain 
yield, Goldsworthy (1970) compared growth parameters of a Nigerian 
cultivar (matured in 155 days, produced 33.63 mt dry matter/ha, and 22.42 
kg of grain per ha) with those of a short-stature, 100-day American 
cultivar (produced average grain and dry-matter yields of 4484 kg/ha and 
12 to 15 mt/ha, respectively). Differences in grain yield between these 
two cultivars occurred because most of the dry matter produced after 
heading was translocated into the stalk in the Nigerian cultivar, and into 
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the grain in the American cultivar. An inverse relationship existed 
between stalk weight and grain yield. 
Comprehensive studies of genotypic differences for growth analysis 
in maize, particularly the relationship between growth parameters and 
grain yield, are rare. Van Eijnatten (1963) evaluated two maize varieties, 
ES2 and Lagos White, under Nigerian conditions. (Average grain yields of 
these varieties were 33.63 and 22.42 q/ha, respectively.) Both varieties 
demonstrated similar photosynthetic efficiencies (i.e., NAR, LAR, and RGR) 
but ES2 produced longer LAD after anthesls. Additionally, LAI's for both 
varieties were similar until during the grain-filling stage when ES2 had 
larger LAI. Consequently, CGR of ES2 was significantly higher than that 
of Lagos White during the last three weeks of growth. Adelana and Milbourn 
(1972) studied the production and distribution of dry matter in three maize 
hybrids, (K75A, K33,and Anjou 210) adapted to south east England (51°N, 
1°E). Their results indicated that the highest-yielding hybrid, Anjou 210, 
maintained longer LAD after anthesls and remobilized lower amounts of dry 
matter from the stalk to the grain than the other two hybrids. Yamaguchi 
(1974) Investigated growth factors limiting grain yield in tropical maize. 
Several varieties were grown for several seasons at a lowland and a high­
land location in Mexico. Low grain yields were associated with the low­
land environments, and the maize crop grown under these conditions were 
characterized by high CGR and short growth duration, short LAD during grain 
filling, low harvest index, and low number of kernels per unit area of land. 
At the highland location, the longer growth duration and LAD compensated 
for smaller CGR and resulted in more dry-matter production after flowering 
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and a higher grain yield. Other studies conducted at low and high 
elevations In the tropics (Coldsworthy and Colegrove, 1974; Holdsworthy, 
Palmer, and Sperling, 1974) indicated that sink size limited the grain 
yield of several tropical maize varieties in both environments. Bonciarelli 
and Monotti (1975) studied the growth of three early maturing and three 
late-maturing maize hybrids in central Italy. The early hybrids consis­
tently out-yielded the late hybrids across the four plant densities used 
during the three years of the study. High NAR was associated with high 
grain yield, but both types of hybrids possessed similar CGR's. Leaf area 
index, LAD, and biological productivity were higher in late than early 
hybrids; however, physiological maturity occurred at the same time for 
all hybrids so the late hybrids could not take advantage of their longer 
LAD'S to increase grain yield. 
Allison and Watson (1966) observed that most of the dry-matter increase 
after flowering in maize was produced by upper leaves. The top four, the 
middle five, and the bottom six leaves accounted for 26%, 42%, and 32% of 
LAD after flowering, respectively. Contributions of these leaves to total 
dry matter were 40, 35 to 50, and 5 to 25%,respectively. Leaf efficiency 
(i.e., dry matter per unit leaf area) decreased greatly from top to bottom 
of the plant. Partial defoliation after flowering resulted in increased 
translocation of dry matter into the grain (relative to other plant parts), 
increased translocation from stalk to the ear, and increased photosynthetic 
efficiency of remaining leaves. Grain yield and total dry weight of a 
maize crop increased 50% and 30%, respectively as plant density increased 
from 23,000 to 48,000 plants/ha, but did not increase further at 74,000 
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plants/ha (Allison, 1969). During the vegetative stage, CGR increased 40% 
as LAI was Increased from 2.0 to 5.5. During grain filling, CGR increased 
up to the highest LAI in the study and subsequently decreased. At high 
plant densities, the grain received a greater proportion of the total 
increament in dry weight after flowering than at low densities. Nakaseko 
and Gotoh (1976) studied the pattern of dry-matter distribution in one-, 
two-, and three-eared maize genotypes and found that high dry matter per 
plant, large CGR and NAR, and high grain yields were associated with the 
prolific genotypes. Leaf area per plant was similar for all hybrids. 
C. Materials and Methods 
Four variety hybrids of maize, BSSS(R)CQ X BSCB1(R)CQ, BSSS(R)C^ X 
BSCBl(R)Cy, BS12CQ X B14A, and BS12Cg x B14A, were evaluated for growth 
parameters in 1975 and 1976. Details on field design were presented in 
Chapter V. Growth analysis was performed eight times each year at biweekly 
intervals beginning 27 days after planting (Table 61). On each sampling 
date, five consecutive plants per plot were cut at the soil level and 
transported to a field laboratory where total lengths and mavfnumi widths 
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of all leaves on all plants were measured. Leaf area (cm ) was estimated 
by the formula (Montgomery, 1911): 
Area = 0.751w 
Average leaf area per plant (A) was obtained by summing areas of individual 
leaves and dividing by 5.0. Number of green leaves per plant was 
recorded, and, starting with the second sampling date, land area occupied 
by the five plants was measured. LAI was subsequently estimated by divid­
ing total leaf area of the five-plant sample by land area. 
Table 61. Growth analysis sampling dates for 1975 and 1976 
1975* 1976 
Sampling No. Calendar date 
Days after 
planting Calendar date 
Days after 
planting 
Sampling, 
Interval 
1 June 12 27 May 28 27 
, 1 
2 June 27 42 June 11 41 
1 
2 
Vegetative 
stage 
3 July 11 56 June 25 55 
3^ 
4 
4 July 25 70 July 9 69 
7 Anthesis and 
silking 
5 August 7,8 83,84 July 23 83 
6 August 22,23 98,99 August 6 97 
5 ^  
6 
Grain-filling 
stage 
7 
8 
September 5 112 
September 19,20 126,127 
August 20 
September 3 
111 
125 
7 J 
^Sampling numbers 5, 6, and 8 required more than one day for completion. Usually two 
replications were completed on the first day and the third replication on the following day. 
Growth parameters were adjusted accordingly. 
Interval between two consecutive sampling dates. 
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Beginning with the second sampling, I separated plant parts from 
each plot into leaves (including dry leaves; laminae only), stalks (includ­
ing leaf sheaths) during the vegetative stage (Table 61), and tassels, ear 
leaves, and ears (including husks and silks) during the reproductive phase 
of development. These plant components were dried (in separate paper bags) 
to constant moisture in a forced-air drier at 80 C and weighed (gms). Sum 
of the dry weights of component parts provided total dry weight per plot 
which was divided by 5.0 to give dry weight per plant (W). I shelled the 
dried ears obtained at sampling dates 6, 7, and 8, and weighed the grain. 
Grain weights were divided by 5.0 to obtain grain yield per plant. 
Following growth parameters were computed from the leaf-area and dry-
weight measurements (Radford, 1967; Kvet et al., 1971): 
RGR = g/g/day 
NAR - 2 / (^n+l+^n) (^n+l'^n^ ' 
LAR = 's[(A^/W^)+(A^^3^/W^^^)J , cm^/g 
SLW = ^[(LW^/A^)+(LW^+i/\+i)] , g/cm^ 
LWR = ^  V+(^^n4Tl/\+l)] ' 8/g 
SLA = ' cm^/g 
n 2 
LAD = Z A., dm 
i=l ^ 
n 
LWD = S (LW)., g 
i=l 
RLGR = (log^ A^^^-log^ A^) /(t^^^-t^) cm^/cm^/day 
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SWD = Z (SW)., g 
i=l 
where W = dry weight per plant, A = leaf area per plant, LW = leaf weight 
per plant, LWD = leaf-weight duration, LWR = leaf-weight ratio, SLA = 
specific leaf area, SW = stalk weight per plant, SWD = stalk-weight dura­
tion, t = time in days, and n = sample number, n = 1, 2, . . . 8. Also, 
ear-leaf-area duration (ELAD), ear-leaf-weight duration (ELWD), specific 
leaf weight of ear leaf (ESLW), and specific leaf area of ear leaf (ESLA) 
were calculated similarly to LAD, LWD, SLW, and SLA, respectively, except 
that ear-leaf area and ear leaf weight were used in the formulae. Addition­
ally, I calculated leaf-area-index duration (LAID), by substituting LAI 
for A in the formula for LAD. 
Several formulae have been proposed for calculating some of the 
growth parameters (e.g., NAR, GR, RGR) and the necessary assumption for 
these methods have been summarized by Radford in 1967 and Kvet et al. in 
1971. Basically, the relationship between W and t and between A and t must 
be known. Fakorede and Mock (1976b, and unpublished) obtained quadratic 
relationships between W and t and between A and t under the conditions of 
this study. 
Growth functions were calculated on plot bases and analysis of 
variance (combined across years and plant densities) was performed for 
each sampling interval. Usually, interaction mean squares were not 
significant; consequently, my discussion will emphasize the main effects 
(i.e., years, plant densities, and hybrids). Differences between two means 
were tested by appropriate LSD values. 
256 
D. Results and Discussion 
Growth rate was significantly higher at the low than high plant 
density at intervals 1 (early vegetative stage), 5 and 7 (reproductive 
stage); and among years only at intervals 2 and 4 (Figure 35). Differences 
between hybrids for GR were not significant (Figure 36). Generally, GR 
demonstrated bimodal peaks, one at sampling interval 3 (approximately 
tassel emergence) and the other at sampling interval 5 (early grain filling. 
According to Hanway (1971), upper intemodes of the stalk, top one or two 
ears, and silks from the base of the ears are elongating rapidly at 
sampling interval 3 (Hanway's growth stage 4.0 to 4.5). Similarly, at 
interval 5 (blister stage or growth stage 6), cobs, husks, and shanks are 
fully developed; starch has just begun to accumulate in the endosperm; and 
the dry weight of kernels is increasing rapidly. For all hybrids, a 
depression in GR occurred at interval 4 (mid-anthesis) in 1975. This 
period of the growing season was the peak of drought conditions both years. 
The cause of this depression is not known, but because it was not observed 
in 1976 (when the irrigation water applied, probably, was sufficient to 
alleviate the effect of drought during this growth stage) it could be 
attributed to moisture stress rather than growth stage. 
Relative growth rate decreased with time (Figures 37 and 38); i.e., 
each additional unit of dry matter produced was less efficient than the 
preceeding unit for dry-matter productivity. Relative growth rate at the 
low density was larger than at the high density only at Intervals 1 and 7 
(Figure 37). Also, RGR at intervals 1 and 4 were significantly larger in 
1976 than 1975. Differences between hybrids were small and nonsignificant 
for all intervals (Figure 38). 
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36, Growth rates for four maize variety hybrids 
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LAR decreased as the season progressed (Figures 39 and 40), 
indicating that production of leaf area per unit of dry matter decreased 
with time. Except at sampling interval 1, LAR was higher at the high 
than the low plant density (Figure 39). Also, LAR values for intervals 
1 through 6 were significantly larger in 1976 than 1975. Again, hybrid 
differences for LAR were small and not significant (Figure 40). 
Differences between low and high plant densities occurred for NAR at 
intervals 1 and 7, and for years only at interval 4 (Figure 41). Hybrid 
differences for NAR were not significant (Figure 42). Differences between 
hybrids for NAR at sampling Interval 7 appeared substantial but were not 
significant statistically because of an extremely large C.V. (190.85%). 
Generally, large C.V.'s were associated with my NAR data. Several methods 
have been proposed for the computation of NAR, and Radford (1967) summarized 
the necessary assumptions for these methods. Some of these assumptions 
were not adequately met in my study. Fakorede and Mock (1976b), however, 
found no significant differences between the "classical" method and three 
modifications of the classical method of NAR under the conditions of my 
study. On the basis of their results, I used the NAR method that appeared 
most reliable. 
Similar to GR, seasonal trends for NAR Indicated a more pronounced 
depression at interval 4 in 1975 than in 1976. Because interval 4 
coincided with the stage of maximum leaf expansion (Figures 43 and 44), 
theoretically, one would expect that NAR would be highest at that Interval. 
Probably, environmental factors (e.g., moisture stress, non-uniform distri­
bution of solar energy within the canopy layers, high temperatures, etc.) 
were limiting NAR during this stage of development. 
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Generally, shapes of curves obtained for GR (Figures 35 and 36) were 
similar to those for NAR (Figures 41 and 42). The highly significant 
difference for NAR at interval 7 between low and high plant densities, 
therefore, resulted from higher GR at the low density (Figure 35). Roller, 
Nyquist, and Chorush (1970) observed similar results for soybeans and 
interpreted the increase in NAR during the latter part of the growing 
season as a response of the photosynthetic apparatus to increased demands 
for assimilates by the rapidly developing grain. Evidently, the larger 
grain yields observed for the low plant density (Table 43) were associated 
with increased GR and NAR at interval 7. 
From 55 days after planting through most of the grain-filling period, 
leaf area per plant at the low density was considerably larger than at 
the high density (Figure 43), demonstrating that differences for leaf area 
between low and high plant densities occurred at the period of greatest 
interplant competition. Similarly, differences for this trait between 
years occurred from 55 to 111 days after planting (Figure 43). These 
differences largely resulted from differences in number of leaves per 
plant between plant densities and years (Table 62). BSSS(R)C^ x BSCB1(R)C^ 
possessed larger leaves than its unimproved counterpart during most of the 
reproductive stage of development (Figure 44). Differences between BS12CQ 
and BS12Cg for leaf area per plant (Figure 44), and differences between all 
four hybrids for number of leaves per plant (Table 62) were not significant. 
Relative leaf growth rate was higher in 1976 than 1975 at sampling 
intervals 1, 3, and 4 (Figure 45). Differences between densities (Figure 
45) and hybrids (Figure 46) for RLGR were not significant statistically. 
Table 62. Effects of years, plant densities, and genotypes on number of leaves per plant for 
four maize variety hybrids 
Year Plants/ha BSSS(R) x BSCBl(R) BS12 x B14A 
Days after 
planting 1975 1976 59,300 98,800 CQ X CQ X CQ 
27 3.43 5.52 4.49 4.45 4.35 4.30 4.53 4.70 
41 8.22 8.17 8.38 8.01 8.40 7.83 8.22 8.32 
55 11.33 10.08 11.08 10.33 10.53 10.60 10.88 10.78 
69 12.68 12.89 13.24 12.33 12.47 12.75 12.93 13.03 
83 10.56 13.25 12.35 11.48 11.78 11.68 12.10 12.06 
97 9.76 12.32 11.59 10.48 10.71 11.17 10.96 11.32 
111 8.68 11.09 10.02 9.75 9.18 10.02 10.08 10.27 
125 4.10 4.05 3.97 4.19 3.68 4.10 4.11 4.42 
LSD 0.57 0.57 NS NS 
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Figure 45. Effects of plant densities and years on relative leaf growth rates for four maize 
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272 
Similar to data for RGR (Figures 37 and 38) RLGR decreased with time. As 
expected, RLGR values after the period of maximum leaf area (i.e., interval 
4) were negative (Figures 45 and 46). 
Leaf-area duration was significantly larger at the low than the high 
plant density throughout the season, and also was larger in 1975 than 1976 
during the vegetative stage of growth (Figure 47). Also, BSSS(R)C^ x 
BSCBl(R)Cy displayed larger LAD values than its unimproved counterpart 
for intervals 2 through 7 (Figure 48). Hybrids from the HS program 
displayed similar LAD values at all samplings. Probably, leaf area and LAD 
contributed significantly to grain-yield differences between low and high 
plant densities, and between CQ X and x of the RRS program 
(Table 43). Additionally, I observed that number of days to black-layer 
formation, grain-filling duration and kernel-moisture percentage at harvest 
were significantly higher for x than CQ X CQ of the RRS program 
(Table 45). One could hypothesize, therefore, that increased yield 
obtained by RRS in BSSS(R) and BSCBL(R) was associated with increased leaf 
area during the reproductive growth stage, enhanced leaf-area duration, and 
longer grain-filling period. Yield differences between BS12CQ and BS12CG 
could not be explained on the basis of these parameters. 
As expected, larger LAI values were associated with high than low plant 
density (Figure 49). Leaf area index during the vegetative stage was larger 
in 1975 than 1976. Beginning 69 days after planting, however, larger LAI 
values occurred in 1976 than 1975 (Figure 49). Usually, LAI for the 
improved hybrids and their unimproved counterparts were similar for most of 
the vegetative growth stage and also for the period from 111 to 125 days 
36.0 
Densities ** 
32 .0  
28.0 
-i 24.0 
o 20.0 Low 
yP High 
**// 
0.0 
6 4 2 
Years 
—O 
1975 
1976 
**, 
4 6 1 2 
Sampling Intervals 
Figure 47. Effects of plant densities and years on leaf-area duration for four maize variety 
hybrids 
36 .0  
BSSS(R) X BSCBl(R) 
3 2 . 0  
28.0  
C xC 
o 20.0 
4J 
0 
0 
4.0 
6 4 5 7 3 2 
BS12 X B14A 
6 4 7 1 2 3 5 
Sampling Intervals 
Figure 48. Leaf-area duration for four maize variety hybrids 
5.0 
4.5 
4.0 
3.5 
X 
o 
"O 
.E 3.0 
ID 
0) 
m 2.5 
m 
®. 2.0 
1.5 
1 . 0  
0.0 l/M 
Densities 
41 55 69 83 97 111 125 
f 
\ 
Years 
41 55 69 83 97 111 125 
Days After Planting 
Figure 49. Effects of plant densities and years on leaf area index for four maize variety 
hybrids 
NJ 
-vl 
Ln 
276 
after planting (Figure 50). During the active grain-filling period, how­
ever, the improved hybrids maintained larger LAI's. As noted previously 
(Table 49), canopies of improved and unimproved hybrids intercepted similar 
amounts of light (i.e., GLINT); but orientation of both lower and upper 
canopies of BSSS(R)C^ x BSCB1(R)C^, and lower canopy of BS12CG were more 
upright than those of BSSS(R)CQ X BSCB1(R)CQ and BS12CQ (Table 48). 
Perhaps, more leaf area was exposed to solar radiation by the improved 
than unimproved hybrids. Additionally, BSSS(R)CY x BSCB1(R)C^ generally 
displayed larger LAID than BSSS(R)CQ X BSCB1(R)CQ and LAID associated with 
sampling interval 6 was larger for BS12C^ than BS12CQ (Figure 51). Al­
though CER was similar for all hybrids (Table 44), results obtained for 
LAI and LAID indicated that the improved hybrids produced and maintained 
larger leaf areas during their active grain-filling periods. As noted by 
Kvet et al. (1971), LAI is the primary factor that determines the rate of 
dry-matter production (i.e., GR); thus, it reflects the productivity 
potential of crop stands. Probably, grain-yield advantages of improved 
over unimproved hybrids resulted from increased total production of photo-
synthate during grain filling. 
Trends of LAID observed for plant densities and years (Figure 52) 
were similar to LAI trends (Figure 49). Note, however, that grain yield 
was substantially larger at the low than high plant density, and that 
grain yields for both years were similar (Table 43). 
Specific leaf area was higher in 1975 than 1976 for sampling Intervals 
3, 4, 6, and 7 (Table 63). Conversely, larger values for SLW and LWR were 
associated with 1976. Usually, larger SLA and LWR values were associated 
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Table 63. Effects of years and plant densities on specific leaf area, specific leaf weight and 
leaf weight rate of four maize variety hybrids 
2 2 Specific leaf area (cm /g) Specific leaf weight (mg/cm ) 
Sampling interval 
2 3 4 5 6 7 2 3 4 5 6 7 
Year 
1975 215.40 205.88 193.88 170.40 108.63 97.42 4.69 4.87 5.19 5.96 7.14 13.09 
1976 228.03 195.66 183.25 167.63 94.84 76.91 4.49 5.17 5.54 6.05 7.37 49.59 
LSDq3 NS 7.31 8.81 NS 8.54 10.72 NS 0.25 0.19 NS 0.15 NS 
Plants/ha 
59,300 213.54 191.78 180.31 162.71 96.33 80.93 4.78 5.25 5.59 6.23 7.69 45.52 
98,800 229.89 209.76 196.90 175.32 106.63 93.40 4.40 4.79 5.14 5.79 6.83 17.16 
LSD 10.22 15.98 13.24 9.03 NS NS 0.22 0.34 0.37 0.31 NS NS 
Table 63. (continued) 
Leaf weight ratio 
Sampling interval 
2 3 4 5 6 7 
Year 
1975 0.54 0.34 0.26 0.31 0.18 0.16 
1976 0.63 0.53 0.40 0.29 0.24 0.22 
LSD Qg 0.07 0.06 0.03 0.02 0.01 0.03 
Plants/ha 
59,300 0.57 0.42 0.31 0.23 0.19 0.17 
98,800 0.60 0.46 0.34 0.26 0.23 0.21 
LSD Qg NS NS 0.02 0.02 0.02 0.02 
to 
00 
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with the high density, but the low density produced larger SLW (Table 63). 
It has been shown by Kvet et al. (1971) that SLA is more plastic than LWR, 
especially with respect to variation in environmental factors. Conversely, 
LWR is rather "conservative", because environmental factors affect the 
number and size of individual leaves rather than the relative proportion 
of leaf dry weight to total dry weight. îfy results indicated that average 
leaf area (Table 62); SLA, SLW, and LWR (Table 63) were all influenced by 
the environments (i.e., years and plant densities) I studied. Genotypic 
differences for these traits (Tables 62 and 64), however, were not signifi­
cant, and I did not observe significant interactions of genotypes with 
years or plant densities. Furthermore, SLA and LWR could be related to 
LAR by the equation (Kvet et al., 1971): 
LAR = (A/W) (LW/W). 
Although leaf area was larger at the low than high plant density, and leaf 
area in 1976 was not consistently larger than in 1975 (Figure 43), higher 
LAR values were measured for the high density and for 1976 (Figure 39). 
Evidently, crop communities grown at the high density and in 1976 were 
relatively more vegetative than those at the low density and in 1975. 
Initially, ear-leaf area was larger at the low than high plant 
density (Figure 53). This difference was small and not significant at 111 
and 125 days after planting. Significant differences for this trait 
occurred between years at the last two sampling dates (Figure 53). 
BSSS(R)CY X BSCBl(R)Cy had larger ear leaves than BSSS(R)CQ X BSCB1(R)CQ 
only at 97 days after planting, and differences between 3S12CQ and BS12CG 
were not significant (Figure 54). Trends observed for ELAD (Figure 55) 
Table 64. Specific leaf area, specific leaf weight, and leaf weight ratio for four maize variety 
hybrids 
2 2 
Specific leaf area (cm /e) Specific leaf weight (mg/cm ) 
Sampling Interval 
2 3 4 5 6 7 2 3 4 5 6 7 
BSSS(R) X 
BSCBl(R) 
^0*^0 215.30 192.59 183.22 164.87 96.51 78.42 4.73 5.21 5.51 6.17 7.67 25.96 
07*67 224.81 200.67 184.88 166.17 ;L03.78 91.13 4.53 5.04 5.49 6.10 7.22 48.32 
BS12 X 
B14A 
O Q 222.05 204.22 191.70 170.48 101.47 88.08 4.55 4.90 5.24 5.95 7.24 27.09 
S  224.70 205.60 194.63 174.54 105.18 91.04 4.56 4.93 5.21 5.82 6.90 23.99 
LSD „ NS NS NS NS NS NS NS NS NS NS NS NS 
Table 64. (continued) 
Leaf weight ratio 
Sampling interval 
2 3 4 5 6 7 
BSSS(R) X 
BSCBl(R) 
V S  0.59 0.45 0.33 0.25 0.21 0.19 
S'S 0.58 0.44 0.33 0.24 0.20 0.18 
BS12 X 
B14A 
% 0.59 0.44 0.32 0.25 0.22 0.20 
(=6 0.59 0.45 0.33 0.25 0.21 0.19 
ISD.OS NS NS NS NS NS NS 
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and ELWD (Figure 56) indicated advantages for improved over unimproved 
variety hybrids for these growth parameters. Differences among hybrids, 
however, were not significant statistically at all sampling intervals. 
Ear-leaf-area duration, and ELWD, usually, were similar for both years 
(Table 65). Larger ESLÂ values were recorded in 1975 for intervals 6 and 
7, and larger ESLW were measured in 1976 for intervals 5 and 7. Usually, 
the low density favored larger ELÂD, ELWD, and ESLW, but ESLÂ values were 
larger at the high density (Table 65). Genotyplc differences for ESLÂ and 
ESLW were not significant (Table 66). 
Total dry-matter productivity was higher in 1975 than 1976 from 27 to 
83 days after planting, and the two crops produced similar amounts of dry 
matter after 97 days (Figure 57). At 125 days after planting, however, 
total dry matter was higher in 1976 than 1975. For most of the vegetative 
stage of development, stalk and leaf weights were higher in 1975 than 1976 
(e.g., at 69 days after planting, stalk weights were 65.9 and 36.2 g for 
1975 and 1976, respectively). Also, leaf-weight duration (Figure 58) and 
stalk-weight duration (Figure 59) were significantly higher in 1975 than 
1976 during this growth stage. During the reproductive stage, however, 
leaf weight (Figure 57) and leaf-weight duration (Figure 58) were 
significantly larger in 1976 than 1975, and differences for stalk weight 
(Figure 57) and stalk-weight duration (Figure 59) between the two years 
were not significant. Probably, similar amounts of photosynthate were 
translocated from the stalk to the grain both years. Increased leaf weight 
associated with the grain-filling stage in 1976 could have resulted from 
Increased number of leaves per plant (Table 62), Increased leaf areas 
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Table 65. Effects of years and plant densities on ear-leaf-area duration (ELAD), ear-leaf- weight 
duration (ELWD), specific leal: area of ear leaf (ESLA), and specific leaf weight of ear 
leaf (ESLW) for four maize variety hybrids 
ELAD (cm^) ELWD (g/plant) ESLA (cm^/g) ESLW (mg/cm^) 
Sampling Interval 
5 6 7 5 6 7 5 6 7 5 6 7 
Year 
1975 618.59 603.38 381.01 3.79 3.99 3.65 164.98 155.17 103.36 6.19 6.78 12.65 
1976 619.87 640.27 374.79 4.05 4.60 4.81 156.94 142.10 79.86 6.45 7.37 17.08 
LSD Qg NS NS NS NS NS 0.57 NS 5.91 19.31 0.08 NS 3.28 
Plants/ha 
59,300 701.02 665.83 402.35 
98,800 537.44 577.81 353.45 
LSD Qg 100.08 NS NS 
4.64 4.94 4.92 152.45 
3.21 3.65 3.53 169.48 
0.62 0.41 0.33 8.88 
135.97 82.71 6.53 8.15 14.50 
161.30 100.50 6.30 6.37 12.85 
12.05 17.64 NS 1.20 NS 
Table 66. Specific leaf area (ESLA) and specific leaf weight (ESLW) of ear leaf for four maize 
variety hybrids 
ESLA(cii^/g) ESLW(mg/cm^) 
Sampling interval 
BSSS(R) X BSCBl(R) 
Cq X CQ 159.33 149.2» 90.45 3.43 3.73 6.69 
Cy X 156.94 145.27 88.33 3.59 4.03 7.01 
BS12 X B14A 
Cq 167.94 152.05 92.53 3.18 3.60 8.38 
Cg 159.63 147.93 95.13 3.47 3.69 6.63 
LSD Q5 NS NS NS NS NS NS 
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(Figure 43), higher leaf area Indices (Figure 49), and longer LAD (Figure 
52). Additionally, CER was higher in 1976 than 1975 (Table 44). Perhaps, 
the 1976 crop would have produced even higher grain yields if sink size 
was not limiting (Figure 43). Accumulation of dry matter by other plant 
organs was essentially similar for the two years (Figure 57). 
Clearly, plants grown at the low density produced and translocated 
larger amounts of dry matter into their organs than those at the high 
density (Figure 60). Tassel weights, usually, did not differ significantly 
between densities (Figure 60), but LWD (Figure 58) and SWD (Figure 59) 
were higher at the low than high plant density. The high plant density in 
my study was characterized by lower CER (Table 44), lower GR (Figure 35), 
higher LAR (Figure 39), lower NAR (Figure 41), lower leaf area (Figure 43), 
shorter LAD (Figure 47), and lower biological yields (Figure 60) than the 
low density. I also observed that grain and dry-matter productivity per 
unit leaf area (Table 47), shelling percentage, and harvest index (Table 
50) were smaller at the high density; but most vegetative traies (Table 
46) were similar for both plant densities. Plants at the high density, 
therefore, utilized most of their photosynthate for vegetative growth. 
Consequently, grain yields were higher at the low than high plant density 
(Table 43). 
Differences in total dry matter per plant between improved hybrids 
and their unimproved counterparts were small and not significant for the 
first five sampling dates (Figures 61 and 62). Beginning 97 days after 
planting, however, improved hybrids produced larger amounts of dry matter 
than unimproved hybrids. Similarly, ear and grain weights increased 
rapidly for all hybrids during this period, but amounts of dry weight 
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Figure 61. Production of dry-matter by plant organs of BSSS(R)Cq x BSCB1(R)Cq and 
BSSS(R)CYXBSCBL(R)CY 
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partitioned into the ear and grain, usually, were larger for the improved 
hybrids. Leaf dry weights of BSSS(R)Cy x BSCBl(R)Cy were larger than those 
of BSSS(R)CQ X BSCB1(R)CQ at 83 and 125 days after planting, but differ­
ences between BS12CQ and BS12Cg for this trait were not significant 
statistically. Stalk weights of all hybrids were similar throughout the 
season (Figures 61 and 62), and hybrid differences for stalk-weight 
duration occurred only at sampling interval 4 (i.e., 69 to 83 days after 
planting). The decreased stalk weight observed for all hybrids from 97 
to 125 days (Figures 61 and 62), therefore. Indicated that both improved 
and unimproved hybrids translocated similar amounts of dry matter from 
the stalk during grain filling. Probably, grain-yield advantages of 
improved over unimproved hybrids resulted from production and deposition 
of larger amounts of photosynthate into ears of improved hybrids. Usually, 
tassel dry weights were significantly larger for the unimproved than the 
improved hybrids (Figures 61 and 62), another indication that tassel size 
and grain yield are negatively correlated. 
Results of my study indicated that improved hybrids produced and 
deposited into the ear larger amounts of dry matter during grain filling 
than unimproved hybrids. This resulted from increased LAD, LAI, and LAID 
during grain filling, suggesting that the improved hybrids possessed the 
ability to photosynthesize for a longer period of time. Unimproved hybrids 
did not demonstrate this ability and were unable to translocate large 
amounts of dry matter from their stalks into the grain. Several studies 
(Van Eijnatten, 1963; Adelana and Milboum, 1972; Yamaguchi, 1974) have 
indicated that high-yielding maize genotypes demonstrated longer LAD's 
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after anthesis than low-yielding genotypes. Similar results were reported 
for other crop species (Stoy, 1965; Goldsworthy, 1970; Pazos, 1976; Brink-
man and Frey, 1977). Perhaps, high-yielding crop genotypes possess a 
mechanism that delays leaf senescence. 
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VIII. GENERAL DISCUSSION AND CONCLUSIONS 
Definite yield improvements resulted from reciprocal recurrent 
selection in BSSS and BSCBl and half- sib selection in BS12. Progress 
from recurrent selection, usually, is evaluated in several environments. 
In my study, I observed that rates of gain in grain yield varied widely 
across nitrogen levels and plant densities, suggesting that one should use 
several levels of these factors in evaluation environments for recurrent 
selection. 
Average grain yields in my study were low, probably, because I 
evaluated variety hybrids (which normally are highly heterogeneous and 
are not as high-yielding as single-cross hybrids) and because of high-
density, low-nitrogen, moisture-stress environments. Yields obtained at 
Ankeny in 1976 were the highest. 
Improved hybrids demonstrated abilities to produce more grain than 
their unimproved counterparts at all levels of nitrogen and plant densities 
I studied. All hybrids, however, demonstrated positive curvilinear 
responses to nitrogen and negative linear responses to plant density. 
Although hybrids in my study were not tolerant of high plant densities, 
the negative linear b-values observed for BSSS(R)Cg x BSCBl(R)Cg and 
BSSS(R)Cy X BSCBl(R)Cy were lower than those for the other genotypes, 
indicating that these two genotypes were more tolerant of high densities. 
Multiple regression models involving linear, quadratic, and interaction 
terms were used to predict optimum combinations of nitrogen and plant 
density for maximum yield of each hybrid across and within environments. 
Optimum plant density was 39,500 plants/ha, but optimum nitrogen within 
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this density varied among hybrids. Usually, the improved hybrids per­
formed best at 180 or 270Kg N/ha, and the unimproved hybrids were best at 
90 or 180 Kg N/ha. Regression coefficients for both linear and quadratic 
terms for plant density, and the nitrogen x density interaction term were 
small and nonsignificant. Contrarily, b-values for nitrogen terms were 
large and significant, but those for the quadratic term were smaller than 
for the linear term. I concluded that the hybrids in my study displayed 
linear grain-yield response to nitrogen fertility and that the influence 
of plant density was not as important as the influence of nitrogen-
fertility levels. 
Additionally, I studied yield stability and adaptation reactions for 
the five variety hybrids. BSSS(R)C^ x BSCB1(R)C^ and BS12Cg x B14A 
consistently demonstrated greater adaptation to high-nitrogen environments, 
but their unimproved counterparts did not take advantage of high-nitrogen 
levels to produce grain. BSSS(R)Cg x BSCB1(R)C^ and BSSS(R)Cy x BSCB1(R)C^ 
demonstrated greater adaptation to high plant densities than the other 
hybrids. BSlZCg x B14A and BS12Cg x B14Â were not adapted to high plant 
densities. I suggested that inbred lines tolerant of intermediate-to-high 
densities, probably, could be obtained from BSSS(R)Cy and BSCB1(R)C^, and 
inbreds that will respond efficiently to high nitrogen under low plant 
densities can be developed from BS12C^. (I wish to emphasize that highest 
grain yields in my study occurred at the low density, i.e., 39,500 plants/ 
ha.) Optimum plant density for these hybrids could not be determined from 
my study, but, likely, it is lower than 39,500 plants/ha. 
I noted in Chapter III that lines recombined to form BSSS(R)C^, 
BSCBl(R)Cy, and BS12Cg were selected under somewhat higher nitrogen-
305 
fertility levels and plant densities than those recombined to form the 
cycles of these populations. Because hybrids of the improved popula­
tions demonstrated greater abilities to produce grain at all levels of 
nitrogen and all plant densities than hybrids from the unimproved popula­
tions, I concluded that selection under high-nitrogen, high-density 
environments resulted in superior performance at other levels of these 
factors. If the current shortage of nitrogen fertilizer continues, 
perhaps, maize genotypes selected at high-nitrogen levels would be more 
useful to the farmer. Furthermore, in developing countries where nitrogen 
may not be readily available to the farmer, breeders can develop high-
yielding genotypes by selecting under Intermediate levels of nitrogen. 
Note that my studies are preliminary and that extensive studies are 
needed before valid,general conclusions can be drawn about this subject. 
Studies conducted previously (Russell, 1974; Duvick, 1976; Allan and Darrah, 
1977), however, substantiate my inference. 
Results of my study did not support the hypothesis that nltrate-
reductase activity could be used as an Indirect selection criterion for 
grain yield in maize. Average nitrate-reductase activities of x CQ, 
Cg X Cg, and x Cy of the RRS program were similar, but activity of 
BS12CQ X B14A was significantly higher than that of BS12C^ x B14A. During 
the vegetative stage, BSSS(R)Cy x BSCBl(R)Cy demonstrated greater nitrate-
reductase activity than CQ X CQ and x of this program. Recent 
evidence (Klepper et al., 1971) indicated that the greater the amount of 
photosynthate available to the nitrate-reductase system, the higher the 
activity, in view of this evidence, I hypothesized that, perhaps, the 
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nitrate-reductase system in BS12CQ X B14A obtained more photosynthate 
than that in BS12CG x B14. This hypothesis was further substantiated by 
dry-matter and grain yields of these hybrids; i.e., both hybrids produced 
similar amounts of dry matter from planting to mid-grain-filling, but 
BS12CG X B14A produced larger grain yields than its unimproved counterpart. 
The difference in nitrate-reductase activity between these two hybrids 
largely occurred during anthesis. I observed that grain filling was 
initiated earlier in BS12CG than BS12Cq, indicating that dry matter was 
partitioned into the ear earlier in that population. I proposed this as a 
possible reason for the negative association between grain yield and 
nitrate-reductase activity in BS12. My proposal can be tested by obtaining 
random lines from BS12Cq and BS12C^, determining nitrate-reductase 
activities and grain yields for these lines, and determining correlations 
(especially genotypic correlations) between these two traits for the lines 
within each population. 
Plant breeders are currently investigating the possibility of combining 
agronomic, morphological, and physiological traits into optimum plant 
types, termed "ideotypes". Breeding of crop ideotypes assumes a strong 
genetic association between yield and the traits to be used in designing 
the ideotype. To obtain preliminary information for the maize ideotype 
proposed by Mock and Pearce in 1975, I evaluated changes in agronomic, 
morphological, and physiological traits associated with recurrent selection 
for grain yield. Observed and predicted correlated responses for plant and 
ear heights and grain-yield components (ear length, ear diameter, cob 
diameter, and kernel depth) showed poor agreements in the reciprocal 
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recurrent selection program. Kernel weight increased for BSSS(R)C^ x 
BSCB1(R)C^ relative to BSSS(R)CQ X BSCB1(R)CQ, but not for the hybrids 
from the HS program. Carbon-dioxide-exchange rate (a measure of 
photosynthetic rate) did not change appreciably with recurrent selection. 
Leaf orientation was significantly more upright for improved hybrids. 
The changes, however, were of small magnitudes, and the maize "ideotype" 
with upright leaves above and horizontal leaves below the ear was not 
obtained. Largest changes in other traits with recurrent selection for 
yield occurred during flowering and grain-filling growth stages. Tassel 
size (i.e., branch numbers and weight) and pollen-shed-to-silking interval 
decreased significantly for the improved hybrids and further substantiated 
earlier conclusions (Mock and Buren, 1972; Buren et al., 1974; Mock and 
Pearce, 1975) that negative associations exist between grain yield and 
these traits. Also, silking dates were earlier in the improved hybrids. 
Number of days to black-layer formation, grain-filling duration, and 
percent grain moisture at harvest were significantly higher In BSSS(R)C^ x 
BSCBl(R)Cy than Its unimproved counterpart. Hybrids from the HS program 
demonstrated similar trends, but these were not significant statistically. 
Leaf-area efficiency (i.e., grain per unit leaf area), however, was 
considerably higher for BS12Cg than BS12Cq. Furthermore, shelling percent­
age and harvest index demonstrated increasing trends as selection 
progressed. 
Additionally, I investigated the effects of nitrogen and plant 
densities on changes in agronomic, morphological, and physiological traits 
associated with recurrent selection for yield. In addition to the changes 
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I have just discussed, significant increases occurred for leaf area, ear 
productivity, grain-yield components (although kernel weight did not 
change in the HS program), and dry-matter productivity in the improved 
relative to unimproved hybrids. Lodging decreased significantly in the 
RRS program. 
These preliminary data indicated genetic associations between grain 
yield and many traits in maize. Although several of these traits demon­
strated desirable relationships with yield, poor agreements between 
observed and predicted correlated responses obtained in this and other 
studies (Moll and Robinson, 1966; Moll and Stuber, 1974) suggested that 
maximum potentials for these traits were not attained via recurrent 
selection for grain yield per se. Perhaps, use of index selection and 
ideotype breeding would alleviate this discrepancy and maximize grain 
yields. 
I used the method of growth analysis to study dry-matter productivity 
and uistributlon by the unimproved and improved hybrids. Of all the 
growth traits studied, only leaf-area, leaf-area duration, leaf area 
index, and leaf-area-index duration were significantly larger in the 
improved than the unimproved hybrids. These differences occurred mostly 
during grain filling; consequently, improved hybrids produced and trans­
located more dry matter into the ear. Studies with oats, sorghum, and 
other maize genotypes produced similar results. Perhaps, larger sink size 
delays leaf senescence in crop species. 
I concluded that the source (I.e., photosynthetic capacity) was not 
limiting grain yield in BSSS(R) x BSCBl(R) and BS12. Increased grain 
309 
yields that resulted from recurrent selection were consequences of 
longer duration of grain filling in BSSS(R) x BSCBl(R), and prolonged 
photosynthetic activity, increased production of photosynthate during 
grain filling, and increased translocation of photosynthate from source 
to sink in both BSSS(R) x BSCBl(R) and BS12 x B14A. 
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Appendix Table 1. Nitrogen x environment and density x environment 
interactions for observed gains resulting from six 
cycles of selection for grain yield in BS12 
Gain Per Cycle 
Level of Factor 
Bruner Farm, 1975 Bruner Farm, 1976 Ankeny, 1976 
q/ha % Co q/ha % C o  q/ha % Co 
Kg N/ha 
0 0.45 2.32 1.18 7.21 2.01 5.08 
90 2.26 9.38 2.48 6.03 1.93 3.45 
180 1.85 4.93 2.50 7.55 2.92 5.28 
270 3.14 8.12 4.52 15.02 1.69 2.94 
Plants/ha 
39,500 2.57 7.02 2.10 4.76 2.11 3.31 
59,300 2.35 7.55 3.07 9.80 2.92 5.01 
79,000 1.47 5.39 2.18 8.41 2.11 4.35 
98,800 1.31 5.36 3.33 17.21 1.42 3.71 
X environment 1.93 6.39 2.67 8.85 2.14 4.10 
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Appendix Table 2. Nitrogen x density interaction for observed gains 
resulting from six cycles of selection for grain 
yield in BS12 
Gain Per Cycle 
39,500* 59, 300 79, 000 no
 
00
 
800 X nitrogen 
Kg N/ha q/ha % C O  q/ha % Co q/ha % CQ q/ha 7» CQ q/ha % Cq 
0 1.07 2.76 1.12 4.24 1.66 8.57 0.99 6.44 1.21 4.84 
90 1.56 2.88 1.75 3.52 2.49 8.01 3.10 11.56 2.22 5.49 
180 2.62 4.88 3.66 8.49 1.59 4.21 1.83 5.47 2.43 5.77 
270 3.80 8.22 4.58 1144 1.93 4.10 2.16 6.39 3.77 7.39 
X density 2.26 4.69 2.78 6.91 1.92 5.67 2.02 7.38 
^Plants/ha. 
Appendix Table 3. Observed and predicted grain-yield responses of five maize variety hybrids to 
combinations of nitrogen and plant density in three environments 
Grain Yield (q/ha) 
Bruner Farm. 1975 Bruner Farm, 1976 Ankeny. 1976 
Kg N/ha Plants/ha Observed Predicted Observed Predicted Observed Predicted 
0 39,500 30.48 28.81 32.28 34.89 63.31 61.52 
59,300 23.00 24.36 23.80 26.44 53.99 55.26 
79,000 21.32 20.38 18.18 19.88 45.71 47.05 
98,800 17.41 16.84 15.10 15.13 36.33 36.81 
90 39,500 44.88 41.76 60.14 52.50 69.62 71.78 
59,300 31.46 37.08 52.88 44.42 71.24 66.63 
79,000 31.23 32.84 37.25 38.23 57.94 59.52 
98,800 27.71 29.05 39.64 33.85 53.44 50.38 
180 39,500 44.79 51.14 52.69 59.04 73.74 74.24 
59,300 54.12 46.17 45.72 51.34 69.11 70.19 
79,000 42.27 41.68 42.47 45.51 61.18 64.18 
98,800 40.91 37.63 35.59 41.50 56.81 56.15 
270 39,500 57.97 56.88 55.69 54.52 68.25 68.90 
59,300 52.19 51.65 47.45 47.19 68.34 65.96 
79,000 45.47 46.90 46.99 41.73 62.34 61.05 
98,800 40.57 42.59 38.39 38.10 52.43 54.13 
Appendix Table 4, Observed and predicted grain-yield responses of BSSS(R)CQ X BSCB1(R)CQ to 
combinations of nitrogen and plant density in three environments 
Grain Yield (q/ha) • 
Bruner Farm. 1975 Bruner Farm, 1976 Ankeny, 1976 Environments Combined 
Kg N/ha "Plants/ha Observed Predicted Observed Predicted Observed Predicted Observed Predicted 
0 39,500 30,08 24.97 23.59 26.73 55.77 55.48 36.48 35.73 
59,300 19.16 20.61 25.17 20.57 48.99 46.99 31.10 29.09 
79,000 12.79 17.37 12.87 14.54 40.15 37.78 21.93 23.23 
98,800 15.34 15.23 6.92 8.56 25.15 30.47 15.80 18.08 
90 39,500 39.65 38.80 52.39 44.98 60.53 64.11 50.85 49.30 
59,300 30.81 34.18 37.76 37.69 56.42 55.26 41.66 42.38 
79,000 31.82 30.70 25.84 30.53 45.25 47.48 34.30 36.23 
98,800 32.16 28.29 26.23 23.41 44.66 40.70 34.35 30.80 
180 39,500 37.85 46.42 47.61 55.17 63.00 66.87 49.49 56.15 
59,300 47.95 41.55 41.02 46.75 62.72 58.55 50.56 48.95 
79,000 33.42 37.81 42.99 38.46 48.89 51.30 41.75 42.52 
98,800 39.27 35.16 33.36 30.21 47.91 45.06 40.18 36.81 
270 39,500 47.69 47.83 59.11 57.30 69.33 63.75 58.71 56.29 
59,300 49.43 42.71 53.28 47.75 52.52 55.96 51.74 48.80 
79,000 38.29 38.71 35.69 38.32 46.77 49.25 40.25 42.10 
98,800 30.47 35.81 26.11 28.94 43.66 43.54 33.41 36.10 
Appendix Table 5. Observed and predicted grain-yield responses of BSSSCRjC^ x BSCBl(R)Cg to 
combinations of nitrogen and plant density in three environments 
Grain Yield (q/ha) 
Bruner Farm, 1975 Bruner Farm, 1976 Ankeny, 1976 Environments Combined 
Kg N/ha Plants/ha Observed Predicted Observed Predicted Observed Predicted Observed Predicted 
0 39,500 27.44 30.44 28.73 32.07 65.40 62.55 40.52 41.68 
59,300 28.01 24.89 33.04 29.91 50.36 56.37 37.14 37.06 
79,000 31.16 22.54 22.01 27.18 55.01 51.30 36.06 33.67 
98,800 20.51 23.36 22.32 23.84 42.68 47.31 28.50 31.50 
90 39,500 44.87 42.68 58.23 50.24 69.39 70.22 57.50 54.38 
59,300 27.70 36.70 50.14 47.03 70.21 64.93 49.35 49.56 
79,000 25.25 33.93 46.45 43.25 64.08 60.76 45.26 45.98 
98,800 32.17 34.33 45.28 38.86 62.17 57.67 46.54 43.62 
180 39,500 50.83 51.37 47.95 58.57 69.26 72.69 56.01 60.88 
59,300 55.60 44.97 52.31 54.31 64.11 68.31 57.44 55.86 
79,000 44.76 41.78 44.83 49.49 60.25 65.03 49.94 52.10 
98,800 46.36 41.76 40.32 44.04 63.00 62.83 49.89 49.54 
270 39,500 59.27 56.52 62.35 57.06 72.73 69.97 64.78 61.18 
59,300 40.75 49.70 49.27 51.75 67.36 66.48 52.46 55.98 
79,000 47.39 46.09 50.47 45.88 65.93 64.10 54.59 52.02 
98,800 44.67 45.64 38.90 39.39 61.42 62.80 48.33 49.27 
Appendix Table 6. Observed and predicted grain-yield responses of BSSS(R)Cy x BSCBl(R)Cy to 
combinations of nitrogen and plant density in three environments 
Grain Yield (q/ha) 
Bruner Farm. 1975 Bruner Farm, 1976 Ankeny, 1976 Environments Combined 
Kg N/ha Plants/ha Observed Predicted Observed Predicted Observed Predicted Observed Predicted 
0 39,500 38.42 33.40 40.50 40.15 68.33 67.45 49.08 47.00 
59,300 27.99 33.30 24.70 31.37 67.31 65.63 40.00 43.43 
79,000 26.61 28.06 22.91 25.62 56.27 61.06 35.26 38.25 
98,800 19.69 17.62 24.89 22.84 57.24 53.70 33.94 31.39 
90 39,500 53.39 45.98 65.29 57.43 77.61 78.27 65.43 60.56 
59,300 38.88 46.45 58.53 49.97 77.46 77.70 58.29 58.04 
79,000 42.38 41.78 44.71 45.54 74.71 74.37 53.93 53.90 
98,800 30.54 31.91 49.46 44.09 64.91 68.24 48.30 48.08 
180 39,500 39.12 55.66 54.97 63.07 76.92 78.79 57.00 65.84 
59,300 66.04 56.70 49.05 56.94 81.67 79.46 65.59 64.37 
79,000 59.19 52.60 59.21 53.83 79.31 77.37 65.90 61.27 
98,800 44.85 43.31 43.37 53.70 74.13 72.49 54.12 56.50 
270 39,500 66.75 62.43 59.67 57.09 66.89 69.01 64.43 62,84 
59,300 66.98 64.05 50.20 52.28 78.66 70.93 65.28 62.42 
79,000 55.40 60.52 56.75 50.48 61.24 70.08 57.80 60.36 
98,800 49.36 51.80 51.90 51.67 68.38 66.44 56.54 56.64 
Appendix Table 7. Observed and predicted grain-yield responses of BS12CQ X B14A to combinations 
of nitrogen and plant density in three environments 
Grain Yield (q/ha) 
Bruner Farm. 1975 Bruner Farm, 1976 Ankeny, 1976 Environments Combined 
Kg N/ha Plants/ha Observed Predicted Observed Predicted Observed Predicted Observed Predicted 
0 39,500 24.64 25.38 30.76 35.37 60.99 59.74 38.79 40.17 
59,300 19.45 19.54 13.92 21.87 46.16 48.48 26.51 29.97 
79,000 16.61 15.19 13.03 11.53 28.57 34.89 19.40 20.54 
• 
98,800 15.91 12.28 7.73 4.25 22.24 18.82 15.29 11.78 
90 39,500 36.66 34.18 60.40 50.25 64.89 67.18 53.98 50.53 
59,300 22.76 28.57 50.19 38.34 76.32 59.28 49.76 42.06 
79,000 21.40 24.44 30.06 29.59 41.92 49.04 31.13 34.35 
98,800 15.49 21.75 24.20 23.90 40.64 36.34 26.78 27.33 
180 39,500 41.77 41.05 47.88 51.16 71.08 67.52 53.58 53.24 
59,300 40.43 35.66 37.62 40.85 51.05 63.00 43.03 46.50 
79,000 37.52 31.75 25.57 33.69 50.95 56.11 38.01 40.52 
98,800 30.66 29.29 21.46 29.59 48.42 46.78 33.51 35.22 
270 39,500 43.67 45.98 37.56 38.12 57.47 60.79 46.23 48.30 
59,300 41.54 40.81 23.67 29.41 59.31 59.64 41.50 43.29 
79,000 33.39 37.13 35.07 23.83 72.27 56.10 46.91 39.02 
98,800 36.02 34.90 23.98 21.33 41.59 50.14 33.86 35.45 
Appendix Table 8. Observed and predicted grain-yield responses of BSl2Cg x B14A to combinations 
of nitrogen and plant: density in three environments 
grain Yield (q/ha) 
Bruner Farm, 1975 Bruner Farm, 1976 Ankeny. 1976 Environments Combined 
Kg N/ha Plants/ha Observed Predicted Observed Predicted Observed Predicted Observed Predicted 
0 39,500 31.81 29.85 37.84 40.13 66.06 62.40 45.23 44.13 
59,300 20.42 23.45 22.19 28.49 57.14 59.74 33.25 37.23 
79,000 19.46 18.75 20.10 20.53 48.56 50.23 29.37 29.83 
98,800 15.61 15.72 13.65 16.16 34.34 33.75 21.20 21.88 
90 39,500 49.82 47.29 64.41 59.59 75.70 79.14 63.31 62.01 
59,300 37.18 39.48 67.80 49.07 75.81 75.97 60.26 54.84 
79,000 35.33 33,38 39.21 42.22 63.74 65.94 46.09 47.18 
98,800 28.22 28.93 53.04 38.98 54.83 48.94 45.36 38.95 
180 39,500 54.37 61.21 65.04 67.23 88.42 85.34 69.28 71.26 
59,300 60.59 51.99 48.28 57.83 86.02 81.65 64.96 63.82 
79,000 36.46 44.48 39.79 52.10 66.56 71.11 47.60 55.90 
98,800 43.43 38.62 39.47 49.98 50.62 53.60 44.50 47.40 
270 39,500 72.47 71.61 59.76 63.05 74.82 81.00 69.02 71.89 
59,300 62.26 60.98 60.84 54.78 83.87 76.79 68.99 64.18 
79,000 52.89 52.07 56.99 50.16 65.48 65.73 58.45 55.99 
98,800 42.34 44.80 51.09 49.15 47.10 47.71 46.84 47.22 
Appendix Table 9. Mean squares from combined analyses of variance for leaf area and leaf-area-
derived traits of five maize variety hybrids grown in nitrogen-plant-density 
experiments 
Mean Squares 
No. Leaves Ear Leaf Plant Leaf Leaf-Area Grain/Leaf Area 
Sources DF Per Plant Area (m^) Area (m^) Index (mg/cm^) 
Environments (E) 1 83.23 0.69 6054.97 0.01 0.40 
Replications 1 5.30 7.52 66345.78 1.29 0.11 
Error a 1 2.31 22.23 196015.12 10.31 0.01 
Nitrogen (N) 3 102.12** 62.56*** 551574.27*** 22.41*** 3.58** 
N X E 3 3.36 7.42* 65484.94* 3.43* 0.36 
Error b 6 6.25 1.30 11418.44 0.64 0.33 
Density (D) 3 45.42*** 21.85*** 192695.95*** 117.88*** 25.45*** 
D X E 3 1.78 0.42 3672.02 0.01 0.17* 
D X N 9 1.36 0.82 7212.45 1.32** 0.21** 
D X N X E 9 3.74 0.18 1613.30 0.16 0.15** 
Error c 24 1.51 0.55 4891.68 0.27 0.04 
Genotype (G) 4 5.55*** 5.69*** 50172.13*** 2.30*** 1.62*** 
G X E 4 0.46 0.68 6011.62 0.14 0.10 
G X N 12 0.33 0.47 4160.15 0.15 0.09 
G X D 12 0.58 0.36 3134.84 0.23 0.06 
G X E X N 12 0.50 0.40 3568.60 0.27 0.03 
G X E X D 36 0.60 0.21 1846.12 0.08 0.06 
G X N X D 36 0.52 0.27 2423.33 0.16 0.08 
G X E X N X D 36 0.75 0.23 2014.69 0.15 0.03 
Error d 128 0.60 0.34 3040.05 0.19 0.06 
Total 319 2.62 1.39 12226.29 1.63 0.36 
C. V. % 6.84 8.62 8.62 10.63 21.70 
* 3 * * ,  and ***gignificant F-tests at 0.05, 0.01 and 0.001 levels of probability, respectively. 
Appendix Table 10. Mean squares from combined analyses of variance for leaf-orientation traits of 
five maize variety hybrids grown in nitrogen-plant-density experiments 
UPPER CANOPY 
Angle (degrees Length to Flag. Total Leaf Leaf Orientation 
Sources DF from horizontal) point (cm) Length (cm) Value 
Environment (E) 1 743.90 2258.88 1300.08 1318.84 
Replication 1 139.26 6260.49 16.47 3959.54 
Error a 1 18.38 1760.63 2591.23 166.82 
Nitrogen (N) 3 48.46 3543.80** 3283.28** 618.04* 
N X E 3 167.30** 417.15 463.34 469.01 
Error b 6 15.75 142.90 197.35 125.73 
Density (D) 3 25.25 51.90 249.93** 28.73 
D X E 3 56.18 93.67 11.93 115.82 
D X N 3 17.11 153.07 150.26** 82.74 
D X N X E 9 12.43 94.13 70.22 51.70 
Error c 24 20.59 84.23 38.41 43.92 
Genotype (G) 4 248.19*** 176.23*** 1106.21*** 727.01*** 
G X E 4 7.32 53.72 94.37** 10.10 
G X N 12 13.89 27.33 21.14 26.42 
G X D 12 8.86 20.39 18.62 16.58 
G X E X N 12 9.90 42.61 27.89 32.32 
G X E X D 36 18.69 52.42 17.78 47.46 
G X N X D 36 11.51 42.41 19.90 31.25 
G X E X N X D 36 12.77 27.48 18.33 23.49 
Error d 128 14.73 39.45 20.67 28.51 
Total 319 22.08 118.81 93.64 69.59 
C. V. % 6.39 13.67 5.47 16.0 
' » Significant F-tests at 0.05, 0.01, and 0.001 levels of probability. 
Appendix Table 10. (continued) 
LOWER CANOPY 
Angle (degrees Length to Flag. Total Leaf Leaf Orientation 
Sources DF from horizontal) point (cm) Length (cm) Value 
Environment (E) 
Replication 
Error a 
Nitrogen (W) 
N X E 
Error b 
Density (D) 
D X E 
D X N 
D X N X E 
Error c 
Genotype 
G X E 
G 
G 
G 
G 
G 
G 
(G) 
X 
X 
X 
X 
X 
X X D 
Error d 
Total 
C. V. % 
1 
1 
1 
3 
3 
6 
3 
3 
3 
9 
24 
4 
4 
12 
12 
12 
36 
36 
36 
128 
319 
454.58 
67.90 
32.77 
18.71 
179.44* 
24.90 
167.18*** 
20.73 
26.63 
10.23 
21.09 
138.00*** 
8.49 
11.24 
13.75 
5.50 
10.10 
15.36 
12.61 
15.32 
21.13 
6.29 
478.73 
9396.11 
1342.34 
2647.11** 
523.49 
233.54 
185.27 
87.41 
107.17 
64.25 
83.64 
221.20*** 
39.10 
44.43 
17.16 
25.78 
32.54 
41.90 
26.29 
40.22 
114.68 
11.87 
1170.83 
591.60 
3582.50 
2829.10** 
357.95 
155.34 
15.12 
12.05 
105.58** 
56.72 
27.27 
782.71*** 
41.68 
25.11 
8.94 
27.56 
7.24 
16.36 
14.59 
20.78 
81.30 
5.13 
271.18 
3757.64* 
7.57 
147.15 
563.03 
142.75 
250.71** 
82.05 
72.96 
27.30 
44.13 
566.35*** 
14.17 
28.56 
23.82 
12.03 
29.00 
30.41 
26.70 
29.41 
60.33 
14.45 
Appendix Table 11. Mean squares from the combined analyses of variance for dry-matter productivity 
and harvest index of five maize variety hybrids grown in nitrogen-plant-
density experiments 
Mean Squares 
Sources DF 
Total Dry Matter 
(mt/ha) 
Dry Matter 
g/plant 
Harvest Index 
% 
Dry Matter/Leaf 
Area (mg/cm^) 
Environments (E) 1 774.30 282904.74 77.24* 58.94 
Replications 1 40.81 23247.68 0.01 0.20 
Error a 1 46.37 8248.91 0.38 1.70 
Nitrogen (N) 3 666.69** 195921.99** 7.97 13.22* 
N x E 3 68.60 17493.98 2.04 0.44 
Error b 6 34.24 7243.70 1.76 1.73 
Density (D) 3 20.84 573797.25*** 33.43*** 82.73*** 
D X E 3 3.00 7112.04 1.32 0.58 
D X N 9 8.08 5362.49 2.24*** 1.05 
D X N X E 9 7.68 3293.23 0.85 0.41 
Error c 24 20.59 4022.08 0.45 0.78 
Genotype (G) 4 65.78*** 17477.86*** 7.93*** 1.71** 
G X E 4 4.14 1819.62 2.12* 0.56 
G X N 12 9.81 2849.07 1.30 0.36 
G X D 12 5.04 1721.97 0.61 0.27 
G X E X N 12 10.01 2219.17 0.64 0.22 
G X E X D 36 6.91 1760.88 1.08 0.31 
G X N X D 36 11.04 1929.13 0.97 0.39 
G X E X N X D 36 6.17 1605.84 0.55 0.31 
Error d 128 7.98 2143.51 0.79 0.43 
Total 319 19.70 10952.99 1.57 1.56 
C. V. 7o 21.24 20.29 28.26 18.80 
***** and ***significant F-tests at 0.05, 0.01, and 0.001 levels of probability, respectively. 
